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Abstract

Chemical reactions are profoundly impacted by the properties of the interacting
molecules, including their structure and quantum state. Crossed-beam setups have
been proven to be a great tool for the investigation of such fundamental interactions
occurring in bimolecular reactions under single-collision conditions. The information
gained from these studies depends strongly on the experimental control which can be
achieved over the reactants’ properties. In recent years, tremendous progress has been
made in that regard by manipulating molecules in supersonic beams with external
electric and magnetic fields. However, the experimental techniques used were mainly
limited to the control and manipulation of weak-field-seeking reactants.
This thesis presents the design, construction and characterisation of a novel crossed-
molecular-beam setup suited for investigating bimolecular reactions of controlled
strong-field-seeking molecules. The distinctive feature of the new setup is an elec-
trostatic deflector integrated into one of the molecular beams, which exploits the inter-
action of polar molecules with its strongly inhomogeneous electric field. This enables
the spatial separation of molecules in different rotational states as well as the selection
of specific molecular conformations. This allows in particular the study of bimolecular
reactions with isolated conformers, whose tendency to interconvert has provided strong
experimental challenges in the past. The co-reactants to the prepared molecules are
provided by a home-built discharge valve, which allows the generation of radicals and
metastable-rare-gas atoms. A time-of-flight mass spectrometer allows the detection
and identification of the reaction products as well as the determination of mass-specific
relative integral cross sections. Differential cross sections of specific reaction products
can be obtained by a mass-gated velocity-map-imaging detector.
The capabilities of the new setup are demonstrated with pioneering experiments of
state- and conformationally-resolved chemi-ionisation reactions. Studying the reac-
tive collisions of metastable neon atoms with rotational-state selected carbonyl sul-
fide (OCS) molecules revealed that the branching ratio between the reaction path-
ways resulting in the Penning ion (OCS+) or the dissociative-ionisation product S+
strongly depends on the initial rotational state of OCS. Also the investigation of the
conformationally-resolved chemi-ionisation reaction of metastable neon with trans- and
cis-hydroquinone showed a clear difference in the reactivity towards forming the Pen-
ning ion or the dissociative-ionisation products, which seems to be dependent on the
initial conformational- and rotational state of hydroquinone.
The novel crossed-molecular-beam setup presented here should be applicable for the
investigation of a broad range of different reactions of polyatomic molecules and by that
will provide a useful tool for unravelling the fundamental details of geometry-specific
effects in bimolecular reactions.
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1
Introduction

Imagine you find yourself in the woods, witnessing the amazing hustle and bustle
of an ant colony. On a first glance, the collective actions might look like chaos, but
after a short while it becomes apparent that everything follows clear and purposeful
rules. If you would try to unravel the mysteries of the ant colony, you could proceed
by observing the colony as a whole, trying to determine the overall principles which
dictate the collaborative actions. The downside of this method would be that it
is not sensitive to small important details, which might easily get lost or can not
be observed at all while studying the colony in its entirety. Alternatively, you
could focus on a single ant at a time and investigate the specific interaction of this
individual with its peers. Both methods lead to valuable insights, which combined
give a more comprehensive picture of the overall processes. Trying to understand the
rules determining the efficient organisation of an ant colony is the scientific field of
myrmecology [1].
Analogously, the matter surrounding us is build up out of atoms which combine to
form molecules. Comprehending the interactions of these particles is the work of
a chemist, who describes the recombination of atoms and molecules to form new
products as chemical reactions [2]. Studying such reactions in thermal assemblies
consisting of large numbers of atoms and molecules is an essential part of chemistry
and the typical work of a chemist as often depicted by media, which excessively
formulated and with a hint of irony consists out of mixing colourful liquids in
Erlenmeyer flasks. Contrarily, looking at the interactions of isolated atoms and
molecules is one of the core branches of chemical physics [3]. Creating an environment

The introduction is partly based on the publication: L. Ploenes, P. Straňák, H. Gao, J. Küp-
per and S. Willitsch, A novel crossed-molecular-beam experiment for investigating reactions of state-
and conformationally selected strong-field-seeking molecules, Molecular Physics, 119, 17-18, e1965234
(2021), https://doi.org/10.1080/00268976.2021.1965234.
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Chapter 1. Introduction

in which such investigations are possible is a challenging task, as already the air
around us consists out of numerous, fast moving particles. Therefore, the lab of a
chemical physicist does usually not contain many flasks and fume hoods, but large
vacuum setups which utilise physical methods such as electric and magnetic fields
to isolate, control and detect single atoms and molecules. Continuously improving
and rethinking these setups is a crucial task as it opens new possibilities towards
studying the details of chemical reactions under single-collision conditions. Such
a new setup, a novel crossed-molecular-beam apparatus specially designed for the
investigation of conformational effects on chemical reactions, is described in this thesis.

The kinetics and dynamics of a chemical reaction strongly depend on the properties
of the reactant molecules including their collision energy, internal quantum states,
geometries as well as alignment and orientation. In the last decades, significant
progress has been achieved in unravelling the details of bimolecular reactions under
single-collision conditions [4, 5], notably by the development and continuous im-
provement of crossed-molecular-beam (CMB) experiments [6–19]. The information
to be gained from such studies substantially depends on the ability to control and
prepare the reactants. While in conventional molecular-beam setups the molecules are
internally cooled to rotational and translational temperatures of typically a few Kelvin
in supersonic gas expansions, they usually still populate a range of different quantum
states and, in the case of complex species, even different molecular conformations.
Reaction cross sections obtained in this way are thus averages over a range of quantum
states and molecular configurations obscuring the precise influence of these degrees of
freedom on chemical reactivity.
Significant progress in the control of the reactant molecules was recently achieved by
utilising external electric or magnetic fields in molecular-beam experiments. Selection
of individual rotational states has been achieved using electrostatic-multipole fo-
cusers [20–27]. The implementation of Stark [28–30] and Zeeman decelerators [31–35]
in crossed-beam setups enabled the measurement of state-to-state scattering cross
sections with unprecedented collision-energy resolution [36–40]. Moreover, the
development of merged-beam experiments lead to an increased understanding of
chemi-ionisation reactions of excited rare gas atoms with state-selected and even
oriented atoms and molecules at very low collision energies [41–48].
All of these studies exploited the focusing effects obtained by the interaction of an
inhomogeneous external field with the electric or magnetic dipole moment of molecules
in weak-field seeking quantum states, i.e. states whose energy increases with increasing
field strength, and focused on di- or small polyatomic systems. Of additional interest
in chemistry are also larger polyatomic molecules featuring different stereoisomers.
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Chapter 1. Introduction

Due to the coupling between their closely spaced rotational levels, these molecules
are usually exclusively strong-field-seeking at experimentally relevant field strengths.
Such strong-field-seekers are not amenable to the techniques described above because
the laws of electrodynamics do not allow a maximum for static fields in free space and
hence no transverse stability along the beam axis can be achieved [49–51].
For the manipulation of strong-field-seeking molecules in a beam, alternating-gradient
focusers were developed which enabled the successful control of diatomic and small
polyatomic molecules such as CO, YbF, CaF, NH3 and OH [52–57], but also allowed
for state selection and deceleration of larger species like benzonitrile [58, 59] and even
spatial separation of conformers of molecules like 3-aminophenol [60, 61]. Alterna-
tively, the selection of strong-field seeking states was achieved by microwave lens
systems [62–65], while laser-based optical techniques were successfully applied for the
deflection and deceleration of neutral, strong-field-seeking molecules [66–69].
A very versatile approach is the technique of electrostatic deflection which allows the
separation of weak- and strong-field seeking molecules by exploiting the interaction of
their effective dipole moments with static inhomogeneous fields [70–73]. This technique
enabled not only the selection of individual rotational states in small systems [74–77],
but also the spatial separation of individual conformers of more complex species like
different aromatic compounds [60,78,79], 2,3-dibromo-1,3-butadiene [80], methyl vinyl
ketone [81] and dipeptides [82].
This method of electrostatic deflection was successfully applied in our laboratory [83]
to the study of ionic reactive collisions of conformationally selected 3-aminophenol
molecules with trapped Ca+ ions [84, 85] and different nuclear-spin isomers of water
with N2H+ ions [86], revealing a strong dependence of the reactivity of molecules
in different conformational or rotational states. Most recently, the same setup was
used to investigate the cycloaddition reaction of gauche- and s-trans-2,3-dibromo-1,3-
butadiene with sympathetically cooled propene ions [87], which showed that attractive
long-range ion-molecule interactions resulted in an almost twofold larger rate constant
for the gauche-compared to the s-trans-conformer.
This thesis reports an extension of this approach to the investigation of reactions in
which all reactants are neutral and report the development of a novel crossed-molecular-
beam setup featuring an electrostatic deflector. In contrast to previously reported
crossed-molecular-beam setups, which are summarised in multiple reviews [10, 12–19],
the new setup allows the preparation of strong-field seeking molecules in different
rotational states and especially in different molecular conformations prior to the
reaction. This enables the investigation of the dynamics and kinetics of a wide variety
of reactions of state- and conformer-selected strong-field-seeking species with neutral
reaction partners and allows for the characterisation of rotational and stereochemical
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Chapter 1. Introduction

effects in a single-collision environment. The capabilities of the new setup will
be demonstrated with two proof-of-principle experiments on the chemi-ionisation
reaction of metastable neon atoms with rotational-state selected carbonyl sulfide
(OCS) molecules and in a second reaction of metastable neon with conformer-selected
hydroquinone.

The content of this dissertation is structured as follows. Chapter 2 provides essen-
tial theoretical background regarding the investigation of neutral bimolecular reactions
under single-collision conditions in the gas-phase. The experimental setup of the novel
crossed-molecular-beam is described in Chapter 3 together with relevant background
information of the used experimental techniques as well as a thorough characterisa-
tion of key technical components. Chapter 4 focuses on electrostatic deflection. It
starts with a theoretical description of molecules in external electric fields, which is
followed by an overview of reported experimental realisations and how Monte-Carlo
simulations are used to reproduce the trajectories of deflected molecules. The end of
the chapter contains two experimental demonstrations on how the principle of electro-
static deflection can be used for the separation of rotational states and conformers on
the example of OCS and hydroquinone, respectively. Chapter 5 reports measurements
on the rotational-state resolved chemi-ionisation reaction of metastable neon with OCS
using the new crossed-molecular-beam setup. The capability of the new setup to in-
vestigate also conformational effects in bimolecular reactions is demonstrated on the
chemi-ionisation reaction of metastable neon with spatially separated trans- and cis-
hydroquinone in Chapter 6. The dissertation is concluded by Chapter 7, which
provides a summary of the most important aspects, contains an outlook for potential
future experiments and discusses possible technical upgrades for the new setup.
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2
Atomic and molecular collisions in the

gas phase

The purpose of the new crossed-molecular-beam setup is to probe the details of reac-
tions in the gas-phase under single-collision conditions. This chapter aims to describe
the relevant theoretical background necessary to understand the experiments performed
in the context of this thesis. A detailed description of the theory of molecular collisions
in the gas phase can be found e.g. in references [4] and [5]. Here only a reproducing
summary of the most important aspects are given.

2.1 Elastic, inelastic and reactive collisions

Scattering events in the gas-phase are commonly divided into three categories. In
an elastic collision, the total translational kinetic energy of the colliding particles re-
mains constant throughout the collision event, while the kinetic energy of the individual
collisions partners may change. Contrary, in an inelastic collision the total kinetic
energy is not conserved, but energy is converted leading to e.g. electronical, vibrational
or rotational (de)excitation of at least one of the collision participants. A reactive
collision describes a process in which the particles after the collision are chemically
distinct from the initial reactants, usually involving the formation and breaking of
chemical bonds. Because the total kinetic energy is not conserved, the reactive scatter-
ing is just a special form of an inelastic scattering, but is usually classified individually
due to its unique feature of resulting in chemical change [4, 5].
In principle, all three collision processes can be probed with the crossed-molecular-
beam setup described here. As the experimental results described in Chapters 5 and 6
belong to reactive collisions, this chapter also focuses primarily on this category.

5



Chapter 2. Atomic and molecular collisions in the gas phase

2.2 Kinematics of gas-phase collisions

Every collision process must obey the physical laws of energy and linear momentum
conservation, which couple the final velocities of the reaction products to the initial
velocities of the reactants [4, 5]. This section describes the scattering kinematics of
two particles A and B with masses mA,B and velocities ~vA,B colliding with a scattering
angle β.
The total kinetic energy Ekin of both particles is given by

Ekin = Ekin,A + Ekin,B =
1

2
mAv

2
A +

1

2
mBv

2
B. (2.1)

The behaviour of all particles during a collision process is most intuitively described in
the centre-of-mass (COM) frame, in which the collision is seen from the viewpoint of
an observer moving with the system’s centre of mass. Its velocity ~vCOM follows from
the conservation of momentum and is given by

~vCOM =
mA~vA +mB~vB

M
, (2.2)

where M is the sum of the individual particle masses [4]. The velocities of the colliding
particles in the COM-frame ~uA,B are then defined as

~uA = ~vA − ~vCOM and ~uB = ~vB − ~vCOM. (2.3)

From the properties of the COM-system follows that the two particles collide head-on
with a relative velocity ~vrel, which is the same in the COM- and laboratory frame of
reference and is given by

~vrel = ~vA − ~vB = ~uA − ~uB. (2.4)

These definitions allow to express the total kinetic energy of the system in the COM-
frame Ekin,COM, which can be expressed as [4]

Ekin,COM =
1

2
M~v 2

COM +
1

2
mred~v

2
rel, (2.5)

with mred the reduced mass defined as

mred =
mAmB

M
. (2.6)

The first term in Equation (2.5) describes the kinetic energy of the moving centre
of mass, which has to be conserved throughout the collision and hence can not be
transferred into internal degrees of freedom of the products [4, 5]. The second term is
associated with the relative motion of both particles towards each other and is available
for internal excitation or to overcome energetic barriers of the reaction. It is therefore
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2.2. Kinematics of gas-phase collisions

also called the collision energy. For a given set of reactants the experimental collision
energy can only be changed by tuning the velocity of the reactants or by adjusting the
scattering angle. In the setup described here, the collision angle of the two interacting
beams is fixed to β = 90◦. For this special case, the collision energy Ecol can be written
purely as function of the particle velocities as given by

Ecol,90 =
1

2
mred~v

2
rel =

1

2
mred(v 2

A + v 2
B − 2vAvB cos(π/2)) =

1

2
mred(v2

A + v2
B). (2.7)

Besides the collision energy and the internal energy of the reactants Eint,reac (electronic,
vibrational and rotational excitation), also the change in reaction energy ∆ER has
to be considered in the total energy balance of the reaction [5]. For an exothermic
reaction (∆ER < 0), the energy of the products is less than the combined energy of
the reactants. The difference in energy is released and is available during the reaction
process to contribute to the final translational and internal energy of the reaction
products. Contrary, for an endothermic reaction (∆ER > 0), energy is consumed by
the formation of the products which is then not available during the collision process.
The total available energy Eavl of a single reaction event is then given by [4]

Eavl = Ecol + Eint,reac −∆ER. (2.8)

The available energy directly impacts the kinetics of the reaction products as is demon-
strated in the following on a few concrete examples. First, a bimolecular collision lead-
ing to two reaction products C and D is considered. Assuming that all the available
energy is converted to translational motion of the final products, their post-collisional
velocities are purely defined by the laws of conserved energy and linear momentum. In
the COM-frame, the total linear momentum is zero, i.e. for the linear momentum of
the reactants and products it has to be valid that

mA~uA +mB~uB = mC~uC +mD~uD = 0. (2.9)

And the law of conserved energy dictates that

Eavl =
1

2
mC~u

2
C +

1

2
mD~u

2
D. (2.10)

Combining Equations (2.9) and (2.10) yields for the speed of product C (analogously
for D)

uC =

√
2mDEavl

mC(mC +mD)
. (2.11)

As parts of the available energy can also be used to break bonds and internally excite the
products, the velocity of Equation (2.11) describes merely the maximum recoil velocity

7



Chapter 2. Atomic and molecular collisions in the gas phase

the product can have after the collision. If the product gets internally excited during
an inelastic scattering, less energy will be transferred into its translational motion.
Because the internal energy levels of the products are quantised, also the reduction in
kinetic energy and final velocities are quantised accordingly. The products can scatter
towards all directions as long as the linear momentum is conserved, i.e. both collision
products have to leave the interaction region in opposite directions. The kinematics of a
bimolecular collision can be best summarised in a Newton diagram, which visualises
the velocity vectors of all particles before and after the collision event. In such a Newton
diagram, energetically possible recoil velocities of a product are represented by Newton
spheres. The more energy is transferred away from translational motion, e.g. by exciting
the collision products, the smaller the resulting Newton spheres. Figure 2.1 gives
exemplary two-dimensional Newton diagrams for an elastic and inelastic scattering
process (Fig. 2.1a) and for an endo- and exothermic reactive collision (Fig. 2.1b).

COM

uD

vrel

vCM

COM

vA

vB

(b)(a)

vCM

vA

vB

vrel
𝛽

uA,f

uB,f

uC

𝚫ER < 0

𝚫ER > 0

𝛽

Figure 2.1 (a) Two-dimensional Newton diagram for an elastic and inelastic scattering
process of two colliding particles resulting in the same chemical species. The kinematics
of an inelastic scattering is indicated for an internally excited product A by dashed
circles. (b) Deviations for an exo- and endothermic reactive collision (dashed circles)
from the kinetics of an elastic scattering process (solid circle). Symbols are explained
in the text.

For the special case of an addition reaction for which the collision of the reactants
(A,B) leads to the formation of only one stable product (C), the law of conserved linear
momentum can be written as

mA~uA +mB~uB = mC~uC = 0. (2.12)
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2.3. Cross sections, impact parameter and rate constant

It is obvious that product C has no net recoil velocity and hence has to travel with the
system’s centre of mass. This means that all energy which becomes available during
the collision event (Eavl) leads to internal excitation of the formed complex. None of
this energy can be transferred into translational kinetic energy as is possible when
multiple reaction products are formed.
For the case that the collision results in more than 3 simultaneously formed reaction
products, the conservation of energy and linear momentum are not enough to
unambiguously define the recoil velocities of the products. The change in velocity and
momentum of one particle can be counterbalanced by the other two particles resulting
in infinite different scattering possibilities.

2.3 Cross sections, impact parameter and rate con-
stant

The last section described the kinetic processes of two particles undergoing a collision in
the gas phase. The probability of a collision between two approaching particles can be
described by the collision cross section, which is most intuitive for two non-interacting
hard spheres as schematically shown in Figure 2.2a. Two such spheres with diameters
dA and dB only collide with each other when their relative separation is less than the
arithmetic average of their individual diameters (dAB = (dA + dB)/2), i.e. sphere A
only collides with sphere B when its centre lies within the collision cross section σc

given by [5]

σc = πd2
AB = π

(
dA + dB

2

)2

. (2.13)

The collision cross section for all possible scattering angles is also known as the
integral cross section (ICS) of a scattering process. The probability that a
scattered particle leaves the interaction region along the solid angle Ω is given by the
differential cross section (DCS) σΩ defined as

σΩ =
dσc
dΩ

. (2.14)

Molecules and atoms do not behave like hard spheres but their interaction is governed
by attractive and repulsive forces, which can lead to collision events even if their sep-
aration is larger than their physical dimensions. The perpendicular separation of two
moving particles is described by the impact parameter b which is given by the min-
imum separation between the intial trajectories of two particles [4,5], as schematically
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Chapter 2. Atomic and molecular collisions in the gas phase

shown in Figure 2.2b.

(b)

𝒗𝑨

𝒃
𝒓

(a)

𝝈𝐜 = 𝝅𝒅𝐀𝐁𝟐

𝒗𝑩

𝜽

Figure 2.2 (a) Schematic representation of the collision cross section of hard spheres
moving with a relative velocity perpendicular to the image plane. A collision only
occurs when the separation of the particles is smaller than their average diameter. (b)
Sketch of collision geometry of two particles on trajectories separated by the impact
parameter b and a total distance r [4, 5].

The probability of the two particles reacting with each other depends on the impact
parameter and is described by the opacity function P(b). The reaction cross section
σr of two particles can then be determined by integrating the opacity function over all
angles and up to the maximum impact parameter bmax for which the value of the opacity
function vanishes. σr is then given by [4, 5]

σr =

∫ 2π

0

∫ bmax

0

P (b) b db dΦ = 2π

∫ bmax

0

P (b) b db. (2.15)

The probability of particles to react and hence the reaction cross section depends
strongly on the velocity of the interacting particles. Therefore, to calculate the thermal
rate constants k(T ) from the reactive cross sections of individuals reactions, the velocity
distribution f(v) of the particles at a given thermal temperature T has to be considered.
The thermal rate constant can then be determined by integrating the velocity-specific
reaction cross section σr(v) and the velocity distribution over all possible velocities of
the sampled particles

k(T ) =

∫ ∞
0

v f(v)σr(v) dv. (2.16)

2.4 Potential energy and centrifugal barrier

The interaction of atoms and molecules is described by their potential energy V (~r),
which depends on the distance and orientation of the interacting molecules. Once
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2.4. Potential energy and centrifugal barrier

the potential energy is known, the forces ~F acting on the particles are defined by
the gradient of the potential energy. For a potential energy purely depending on the
molecular distance vector ~r, this relationship is given by

~F (~r) = −~∇V (~r). (2.17)

The forces determine the subsequent motion of the particles and therefore fully define
the dynamics of the reaction [4,5]. The potential energy of the interaction is therefore
essential in understanding collision processes. The potential energy of two neutral
species in the gas phase can be divided in a long-range attractive part and a short-
range repulsive component. One exemplary interaction potential, which combines these
two components, is the Lennard-Jones potential VLJ(r) introduced in 1924 as

VLJ(r) = ε

((r0
r

)12

− 2
(r0

r

)6
)
, (2.18)

where ε is the well depth and r0 the particle separation at the potential energy minimum
[88]. The Lennard-Jones potential describes a chemical reaction proceeding without a
barrier.
The orbital angular momentum introduces a barrier to the potential energy as kinetic
energy has to be transferred to change the orbital motion of the particles [4, 5]. This
barrier is refereed to as the centrifugal barrier. The orbital angular momentum L

of two particles with relative velocity ~vrel is given by

|L|= |mred~r × ~vrel|= mredvrelr sin(θ), (2.19)

with θ the angle between ~vrel and the distance vector ~r of the particles [4, 5]. At long
range the term r sin(θ) becomes approximately equal to the impact parameter b and the
orbital angular momentum simplifies to |L|≈ mredvrelb. The height of the centrifugal
barrier Ecent is defined by the rotational kinetic energy of the system and the total
effective potential energy Veff(r) then becomes [4, 5]

Veff(r) = V (r) + Ecent = V (r) +
L2

2mredr2
≈ V (r) +

mredv
2
relb

2

2r2
. (2.20)

The centrifugal barrier increases for systems of heavy particles on trajectories with
a large relative velocity and large impact parameters. Classically, only for collision
energies larger than the centrifugal barrier a successful reaction can occur [4,5]. For a
specific system interacting with a certain collision energy, the value of the maximum
impact parameter bmax decides if a collision leads to a successful reaction event. For
two particles on trajectories separated by an impact parameter larger than bmax the
collision energy is not sufficient to overcome the centrifugal barrier. For the simplified
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Chapter 2. Atomic and molecular collisions in the gas phase

hard-sphere model, the opacity function is zero (P (b > bmax) = 0) [5]. Contrary, if the
particle trajectories are separated less than bmax, the collision energy will exceed the
centrifugal barrier allowing a successful reaction (P (b < bmax) = 1) [5]. For direct head-
on collisions (b = 0), the orbital angular momentum of the system vanishes and leads
to no centrifugal barrier. The effective potential energy is then purely described by the
interaction potential. These three cases are schematically illustrated in Figure 2.3.

0

1.25

r
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nt
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l e
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rg
y 

(b)(a)

Veff (r)
b > bmax
b < bmax
b = 0

Ecol

0

𝒃max

Figure 2.3 (a) Schematic illustration of classical scattering trajectories with different
impact parameters b for the hard-sphere model. Blue: head-on collision with b =
0 (L = 0), red: reactive scattering with b < bmax, green: non-reactive scattering
with b > bmax. (b) Effective potential energy based on the Lennard-Jones potential
(Veff(b=0)= VLJ(r)). The centrifugal barrier increases with larger impact parameters.
Only trajectories for which the collision energy Ecol exceeds the height of the centrifugal
barrier can lead to a successful reaction [4, 5].

2.5 The excitation function

The reactive cross section depends on the collision energy. This dependency is described
by the excitation function σr(Ecol) [4, 5]. So far only a barrierless interaction as,
e.g. described by the Lennard-Jones potential, was considered. If the reaction proceeds
via an energetic barrier of height E0 for an head-on collision (|L|= 0) and an equilibrium
distance r0, a successful reaction can only occur when the collision energy exceeds the
total energetic barrier of the reaction

Ecol − (E0 + Ecent) > 0. (2.21)
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2.6. Molecular reactions in the gas phase

For the hard-sphere model with the centrifugal energy as defined in Equation (2.20),
a model excitation function can then be expressed as [5]

σr(Ecol) = πb2
max = πr2

0

(
1− E0

Ecol

)
. (2.22)

This excitation function is shown in Figure 2.4 together with the opacity function for
hard spheres (P (b < bmax) = 1 & P (b > bmax) = 0) in the figure inset.

It has to be noted that the opacity function and hence the excitation function
for interactions of atoms and molecules is more complex and depends on the specific
interaction of the reaction partners. Furthermore, also quantum-mechanical tunnelling
through the reaction barrier is possible, which can lead to reactions even for collision
energies smaller than the barrier energy. In general, low collision energies are sensitive
to the reaction barrier and the long-range attractive part of the potential, whereas high
collisions energies probe the short-range repulsive part as visualised in Figure 2.4b.
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Figure 2.4 (a) Excitation function σr(Ecol) for a reaction with energetic barrier E0

assuming the hard sphere model with the opacity function P (b) as shown in the figure
inset. (b) Differences of a collision event proceeding with a low and high collision
energy Ecol. Low collision energies are more sensitive to the barrier and the attractive
part of the potential, whereas high collision energies probe the repulsive part of the
potential [4, 5].

2.6 Molecular reactions in the gas phase

For reactions involving atoms with molecules also the internal energy Eint of the reac-
tants has to be considered. This is shown for the simplest case of a molecular reaction
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Chapter 2. Atomic and molecular collisions in the gas phase

between an atom A and a diatomic molecule BC in Figure 2.5a [4, 5]. In classical
physics, the reaction can only proceed if the sum of the collision and internal energy
(electronic, vibrational and rotational) exceeds the barrier height Eb. If the reaction
is exothermic (endothermic), the available energy Eavl for the products increases (de-
creases) by the reaction energy |∆ER|. The total available energy after the reaction is
distributed among the internal E ′int and kinetic energy E ′kin of the reaction products.
The total kinetic energy of the reaction has to fulfil the laws of conserved energy and
linear momentum as discussed in Section 2.2. Also the total angular momentum of the
system has to be conserved, i.e.

L+ JBC = L
′
+ JAB, (2.23)

where the rotational angular momentum of the reactant and product molecules is de-
noted by JBC and JAB and the orbital angular momentum before and after the collision
is given by L and L

′ , respectively [4, 5]. If the reactants are internally cold, as it is
usually the case in supersonic-beam experiments, the rotational angular momentum of
the reactant molecule can be neglected (L = L

′
+ JAB).

Figure 2.5b gives a typical potential energy along the entrance and exit channel of
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Figure 2.5 (a) Schematic diagram of the reaction between an atom A and a diatomic
molecule BC. The reaction can only proceed if enough energy is available to overcome
the energetic barrier (Eb) associate with the transition state of the reaction. Symbols
as explained in the text. (b) Contour plot of an exemplary potential energy surface
along the reaction entrance (rA-BC) and exit channel (rAB-C). The minimum energy
path from the reactants along the transition state to the products is indicated by the
red dashed line [4, 5].

the reaction depicted in Figure 2.5a together with the path of minimum energy from
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2.6. Molecular reactions in the gas phase

the reactants to the products (dashed red line). For the entrance channel, the inter-
molecular distance between A and BC (rA-BC) decreases until the transition state at
the saddle point of the potential is reached. If enough energy is available to overcome
the barrier of the transition state, the reaction proceeds along the exit channel (rAB-C)
until the potential minimum associated with the reaction products is reached [4, 5].
This exemplary figure only displays the interactions as a function of the intermolecular
distance of the reaction partners. As molecules have a three-dimensional structure, the
interaction changes depending on the relative orientation of the reactants. The poten-
tial energy as function of all relevant coordinates is given by the potential energy
surface (PES) of the reaction.
Crucial for describing molecular collisions in the gas phase is the potential energy which
arises from charge distributions on the molecules, which give rise to long-range interac-
tions between electrostatic multipoles [4,5]. These interactions can roughly be divided
into three categories; (i) the electrostatic interactions between permanent multi-
poles (e.g. charge, dipole moment) on both reactants, (ii) the induced interactions in
which one reactant with a permanent multipole induces a temporary multipole in the
other reactant and (iii) the dispersion interaction [89]. The dispersion interaction
arises from temporary multipoles caused by charge fluctuations on one reactant which
introduces a weakly induced multiple on the co-reactant leading to a weak, long-range
coupling. All these interactions can be described analytically by a potential energy
Vmultipole(r) of the form

Vmultipole(r) =
a

rn
. (2.24)

The exponent n determines the order of the attraction and depends on the character
of the coupling. The numerator term a describes the multipole interaction based on
the properties of the particles such as their charges q, permanent dipole moments µ
and polarisabilities α. For quantities which are vectors, e.g. the permanent dipole
moment, the interaction strongly depends on the relative orientation of the reactants
and the term a has to be expressed as function of the orientation angle θ between the
quantity vector and the atom-molecule axis [89]. Table 2.1 gives the electrostatic and
induced interaction terms of different multipoles in vacuum (ε = ε0) [89]. The table
gives both the interaction energies associated with a static orientation of the reactants
as well as the thermally averaged energies over all orientations for rotating molecules.
If one of the reactants does not feature a certain multipole, the corresponding term
vanishes. E.g. for a complete neutral reaction all terms containing a particle charge
are zero and the interaction is dominated by higher-order multipole moments.
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2.7. The single-collision conditions

The most important contribution to the dispersion interaction is the mutual induc-
tion of dipole moments described by the London relation VLondon given by

VLondon(r) = −3α
′
1α
′
2

2

Eion,1Eion,2

Eion,1 + Eion,2

1

r6
, (2.25)

where Eion,1 and Eion,2 are the ionisation energies of the two interacting particles [90].
The dispersion energy is also often referred to as the van-der-Waals (vdW) inter-
action. The thermally averaged dipole-dipole interaction, the dipole-induced dipole
term and the dispersion energy scale with the inverse sixth power of the distance and
are therefore often summarised in the attractive part of the Lennard-Jones potential.
The potential energy surface of most reactions is a combination of many different
contributions depending on the reactants’ properties and whose strength strongly
changes with the intermolecular distance and reactant orientation. A full description
of an atomic or molecular interaction can only be achieved by an ab-initio quantum-
mechanical calculation of the potential energy surface. Despite great advances in
the last decades a full quantum-mechanical treatment of reactive collision processes
of systems with more than a few atoms keeps being challenging. Analytical models
based on classical and semi-classical approaches might be less accurate and are not
able to explain all interactions but are easier scalable and can provide a more intuitive
approach to understand the underlying physical and chemical phenomena of atomic
and molecular interactions. An example of an analytical potential energy surface
describing the interaction of a highly polarisable atom with a molecule featuring a
strong permanent dipole moment is given in Chapter 5.

2.7 The single-collision conditions

So far, the theory described in this chapter considered only isolated collision events
of two particles in the gas phase. This is a strong simplification as particles at atmo-
spheric pressures move with a velocity of hundreds of meters per second and undergo
constant collisions. This provides a great experimental challenge as every secondary
collision event leads inevitably to a loss of information of the primary collision process.
Multiple sequential collision events prevent the observer from correlating the initial
reactants and their properties to the measured reaction products.
The mean free path λcol describes the average distance a particle travels between col-
lisions. For a particle with an average velocity vmean in a gas with particle density n,
the mean free path is given by

λcol = vmeantcol =
1√

2σcn
, (2.26)
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Chapter 2. Atomic and molecular collisions in the gas phase

where tcol is the time between collision events and σc the particle’s cross section [3].
For an ideal gas the mean free path can be expressed in terms of the gas pressure P
and temperature T

λcol =
kBT√
2σcP

, (2.27)

with the Boltzmann constant kB. A typical mean free path, e.g. of the helium atom
(σc,He = 0.21 nm2, [3]), at room temperature and atmospheric pressures is about
λcol = 140 nm, but increases to λcol = 1400 m in high vacuum (P = 10−7 mbar).
To be able to observe isolated reactions in the gas phase, the mean free path of the prod-
ucts has to be much longer than their path to the particle detector λcol >> ddetection.
This is known as the single-collision condition for physical detection of scattering
products. Typical experimental detection distances are several centimetres up to one
meter for which the single-collision condition can only be satisfied by low gas pressures.
This is realised in crossed-beam setups in which particles react with each other in a
small, well defined volume under high vacuum conditions [91]. The reaction products
are extracted from the dense reaction volume before they can undergo a second scat-
tering process and are then accelerate towards the detector. Secondary collisions of
the products on the way to the detector are strongly suppressed by the high vacuum
environment. The crossed-beam technique will be the topic of the next chapter.
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3
The novel crossed-molecular-beam

setup

Investigating reactions in the gas phase under single-collision conditions provides a
powerful tool to unravel the fundamental details of reaction mechanisms as it allows
the investigation of individual bimolecular reactions rather than a statistical average
of many interacting particles which is often the case in classical chemistry using
thermalised systems.
Probing reactions at a single-collision level requires to detect the reaction products of
a molecular collision before they can participate in a secondary scattering event. The
development of the first crossed-beam setups during the 1950s and 60s was a milestone
in experimentally investigating neutral reaction processes under single-collision
conditions in the gas phase [6–9, 92–96]. In a crossed-beam setup, two collimated
atomic or molecular beams intersect each other under a certain angle in a narrow,
well-defined scattering volume, for which the great majority of scattered particles have
left the scattering region before a second collision event can occur. For the insights
gained by their new crossed-beam setup on elementary processes of chemical reactions,
Dudley R. Herschbach and Yuan T. Lee were awarded the Nobel price in Chemistry in
1986 [11, 91], together with John C. Polanyi for his advancements using the infrared
chemiluminescence method [97].
In an ideal gas-phase bimolecular reaction experiment, all relevant properties of the
reactants and of the final reaction products are known to the observer. How much can

Parts of this chapter are based on the publication: L. Ploenes, P. Straňák, H. Gao, J. Küpper and
S. Willitsch, A novel crossed-molecular-beam experiment for investigating reactions of state- and con-
formationally selected strong-field-seeking molecules, Molecular Physics, 119, 17-18, e1965234 (2021),
https://doi.org/10.1080/00268976.2021.1965234.
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Chapter 3. The novel crossed-molecular-beam setup

be learned from investigating chemical reactions using a crossed-beam setup hence
depends on two main experimental factors; the accuracy to detect the final reaction
products and the ability to control the properties of the reactants prior to the collision
event. In both areas, tremendous progress has been made since the first experimental
realisation in the 1950s.
The implementation of an electron-impact mass spectrometer in combination with
ion-particle detectors during the 1960s added a universal way of detecting reaction
products and made the crossed-beam technique applicable to a much wider range of
reactions [9]. This was soon followed by the time-of-flight technique, which allowed
product identification based on their mass-to-charge ratio [98]. This technique is
also relevant to the experiments discussed in this thesis and is described in detail in
Section 3.5.2. Quantum-state specific identification of the reaction products became
possible with the introduction of laser-detection techniques [99, 100], which enabled
the observation of state-resolved cross sections [101–103]. Angle-resolved cross sections
could first only be gained by rotating the particle detector around the collision region
to measure each scattering angle sequentially. This process got revolutionised first
by the incorporation of the ion imaging technique [104] and later by velocity map
imaging (VMI) [105]. The VMI technique allows recording differential cross sections of
all scattering angles simultaneously by directly mapping the full velocity vector of the
scattered collision partners [15]. The VMI technique will be the topic of Section 3.5.3.
The introduction of supersonic beams was a great improvement over effusive beams as
it allowed preparation of reactants with better defined translational and longitudinal
velocities and strongly reduced the number of populated rotational and vibrational
quantum states in the molecular beam [106, 107]. Supersonic beams will be discussed
in Section 3.3. Rotating molecular beam sources enabled the continuous tuning of the
collision energy by varying the scattering angle of the two beams [108]. Exploiting
the interaction of polar reactants with magnetic or electric fields led to multiple
experimental tools which further increased the control over the reactants. Multipole
focusers allowed the selection of reactants in certain rotational states from the ther-
malised distribution of the molecular beam [21–23, 25–27, 109]. Electric and magnetic
beam guides enabled the development of merged beam setups [41–48], an extension
of the crossed-beam technique for probing reactions at very low collision energies
by minimising the scattering angle of both reactants. This effect was also achieved
by copropagating two supersonic beams from a dual-molecular beam source [110].
Actively reducing the forward velocity was enabled by switching electric fields in
Stark- and Zeeman decelerators which allowed observation of state-to-state differential
cross sections of elastic and inelastic collisions with unprecedented resolution [36–40].
The above developments of the last decades led to valuable insights of a wide range
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of reactions which could only be achieved by exploiting the strengths of various
different crossed-beam setups. Detailed overviews of the different techniques and
investigated neutral reaction systems are provided, among others, by the reviews given
in References [10,12–19].
The new crossed-molecular-beam setup developed and constructed in the context
of this thesis will be a valuable addition to the existing setups as it allows reactant
preparation of polyatomic, strong-field seeking reactants. This will enable the
investigation of state- and geometry-specific effects in bimolecular reactions under
single-collision conditions for large reaction systems. This chapter focuses on the
experimental details of the new crossed-molecular-beam setup.

3.1 General description of the experimental setup

A schematic of the novel crossed-molecular-beam apparatus is depicted in Fig. 3.1.
The setup features two molecular beams which intersect at a collision angle of β = 90◦

in the centre of an assembly of electrostatic ion-extraction electrodes. The products of
the investigated reaction can be detected by time-of-flight mass spectrometry to obtain
mass-specific relative integral cross sections. Differential cross sections can be obtained
by mass-gated velocity-map imaging (VMI). The implementation of a femtosecond (fs)
laser or a Dye-Nd:YAG laser combination allows the detection of neutral reaction prod-
ucts by universal multiphoton ionisation or state-specific resonance-enhanced multipho-
ton ionisation (REMPI), respectively. Ionic reaction products can be mass-specifically
detected by pulsed ion-extraction fields.
The distinctive feature of the new setup is an electrostatic deflector integrated into
one of the molecular beams. The interaction of the strongly inhomogeneous electric
field of the deflector with the effective molecular dipole moments enables the spatial
separation of different rotational states or conformers prior to the reaction [74].
The second molecular-beam source is equipped with a home-built discharge valve,
which allows the generation of radicals and metastable-rare-gas reactants. All experi-
ments are performed in a high-vacuum environment to enable the investigation of state-
and geometry-specific effects under single-collision conditions.
This chapter provides detailed information of all relevant parts of the new crossed-
molecular-beam setup and gives necessary background information of the used experi-
mental techniques.
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Figure 3.1 Schematic of the novel crossed-molecular-beam setup for investigating
state- and geometry-specific effects in bimolecular reactions under single-collision con-
ditions. An electrostatic deflector enables the spatial separation of individual quantum
states or conformers of molecules, schematically indicated by the red and blue dots, in a
pulsed molecular beam. In the interaction region, the spatially separated molecules are
overlapped with a second atomic beam containing metastable or radical co-reactants
(green dots) produced by a pulsed discharge valve. Reaction products are detected by
time-of-flight mass spectrometry and velocity-map imaging. The inset shows a cross
section of the inhomogeneous electric field in the deflector and the approximate position
of the molecular beam separating into different components [111].

3.2 Generating a high-vacuum environment

To investigate gas-phase reactions under single-collision conditions, the experiments
have to be performed in a high-vacuum environment. The setup consist out of four
stainless-steel chambers which are vacuum sealed by copper-gaskets between ConFlat
(CF) flanges. A construction drawing of the vacuum setup is given in Figure 3.2.
Each source chamber features two magnetically levitated turbo pumps (Oerlikon

Leybold MAG W 2200) with a pumping speed of 2200 l/s each. The collision and
deflector chambers are differentially pumped with 2200 l/s and a 600 l/s magnetically
levitated turbo pumps, respectively (Oerlikon Leybold MAGW 2200 and MAGW 600).
All turbo pumps are backed up by a single oil-free and corrosion resistant double-stage
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Figure 3.2 Construction drawing of the vacuum setup of the crossed-molecular-beam
apparatus. The setup consists out of four stainless-steel chambers which are vacuum-
sealed by copper-gaskets between ConFlat (CF) flanges. A high-vacuum environment is
achieved by several magnetically levitated turbo pumps as indicated in the figure. Gate
valves on both sides of the deflector chamber allow separate venting of the deflector
and the deflector-source chamber. Labels: 1 Turbo pump (2200 l/s), 2 Turbo pump
(600 l/s), 3 Vacuum gate valves, 4 xyz -translation stage, 5 Time-of-flight tube, 6
Camera with holder.

root pump (Pfeiffer A 604 H) with a total pumping speed of 560 m3/h. Molecular beam
skimmers between the chambers enable differential pumping of the individual chambers,
which generates a pressure gradient from the gas-load intensive source chambers to
the collision chamber, where the best vacuum conditions are needed. High-vacuum
pressure gauges (Leybold PTR 90 N Penningvac) installed on all chambers allow real-
time monitoring of the chamber pressures. All experiments described in this thesis are
performed at an experimental repetition rate of 50 Hz, for which the pressure of both
source chambers is typically maintained in the 10-6 mbar range and the pressure of
the collision chamber does not exceed 2·10-7 mbar. The setup has been tested with
both beam sources running at a repetition rate of 200 Hz which resulted in a collision-
chamber pressure below 5·10-7 mbar, which is still adequate for crossed-molecular-beam
studies under single-collision conditions (see Sec. 2.7). All pumps are continuously
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water cooled to keep them at ideal operating temperatures even under larger gas loads.
Vacuum gate valves on both sides of the deflector chamber allow separate venting of
the defector and the deflector-source chamber in case maintenance is required or new
changes have to be incorporated into the experimental setup. A gate valve between the
conventional source and collision chamber was omitted to be able to reduce the distance
between the discharge source and the interaction region, which results in higher beam
densities and ultimately in increased signal levels (see Sec. 3.3).
To prevent the vacuum system from damage while investigating reactions involving
strongly corrosive agents, all turbo pumps are purged with dry N2 using electronically
controllable purge valves (Leybold 12133, flow rate: 36 sccm). The backing pump is
continuously purged by 12 slm of dried air. Purging the full pumping system increases
the pressure in the foreline of the turbo pumps from about 5x10-4 mbar to 2x10-2 mbar,
but is does not effect the pressures in the vacuum chambers.
All essential features of the turbo pumps can be accessed by a self-written control
program based on the LabVIEW software package from National Instruments. The
program features a user-friendly graphical user interface which allows easy access to
all important features of the turbo pumps, purge and vent valves of the setup and
continuously monitors all relevant parameters as for example the frequency of the
pump and its operation temperatures.

3.3 The atomic and molecular beam sources

Supersonic atomic and molecular beams are essential for every crossed-beam setup
as it prepares the reactants with a well-defined velocity, reduces the internal energy
of the reactants and by that provides the first experimental step in controlling the
reactants’ properties. In addition, cold molecular beams with a narrow velocity spread
are crucial to achieve good experimental separation of rotational states and conformers
by electrostatic deflection as demonstrated in Chapter 4.

3.3.1 Supersonic expansion of atoms and molecules

The use of atomic and molecular beams are nowadays standard in gas-phase studies
and in-depth literature on this topic is available [106, 107, 112, 113]. This section only
provides a short, reproducing summary of the most important aspects. A particle
beam is generated by expanding gas from a high-pressure environment through a small
opening, commonly known as the nozzle, into a low-pressure region. Thermodynam-
ically, this process can be described by an adiabatic and isentropic expansion of an
ideal gas, for which the total energy of the system has to be conserved. Considering an
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initial gas prior expansion with an internal energy Ures, molecular mass m and a mean
velocity vres being contained inside a reservoir with volume Vres and pressure Pres, the
conservation of total energy dictates that

Ures + VresPres +
1

2
mv2

res = Ubeam + VbeamPbeam +
1

2
mv2

beam, (3.1)

where the subscript beam denotes the properties of the particle beam after the ex-
pansion [114]. The nature of the expansion strongly depends on the initial stagnation
conditions of the gas reservoir and the geometry of the expansion setup and is described
by the Knudsen number Kn [113], which relates the mean free path between particle
collisions λcol to the diameter of the expansion nozzle dnozzle

Kn =
λcol
dnozzle

. (3.2)

Two limiting cases can be distinguished for Kn >> 1 and Kn << 1, which are called
the effusive and supersonic regime, respectively [112]. In the effusive regime, the noz-
zle diameter is much smaller than the mean free path of the particles, i.e. during the
expansion process barely any collisions are taking place and the velocity distribution of
the resulting beam is comparable to the one of the thermal gas prior expansion [106].
For small nozzle sizes typically used, low backing pressures are required for the gener-
ation of effusive beams. Contrarily, the mean free path in a high-pressure environment
is sufficiently small for the gas particles to undergo many collision events during the
expansion process in the direct vicinity of the nozzle. These inelastic collisions result
in an energy transfer from the internal to the kinetic energy of the particles result-
ing in a strong reduction of populated quantum states of the expanded atoms and
molecules [112,113]. For typical conditions leading to a supersonic beam, the pressure
in the expansion region can be neglected and the term for the potential energy of the
expanding gas vanishes (VbeamPbeam ≈ 0). Further considering that the mean gas ve-
locity in the reservoir is zero, the conservation of total energy given in Equation (3.1)
can be simplified for a supersonic expansion process to

Ures + VresPres = Ubeam +
1

2
mv2

beam. (3.3)

Rearranging in favour of the kinetic beam energy emphasises the conversion of the
internal energy stored in the gas reservoir to forward motion of the expanding gas

1

2
mv2

beam = (Ures − Ubeam) + VresPres. (3.4)

Typical supersonic beams have a fast forward velocity exceeding the speed of sound,
while at the same time having a narrow velocity spread as the randomised motion of the
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particles gets assimilated during the collision process. Eventually, all particles travel
with a similar velocity which strongly reduces the probability for collisions and finally
results in a supersonic jet of barely interacting particles. The longitudinal velocity
distribution fSB(v) of a supersonic beam can be described by a Maxwell-Boltzmann
distribution adjusted for the mean velocity of the beam [107,112,115] and is given by

fSB(v) =

(
v

vmean

)2

exp

(
−
(
v − vmean

∆v

)2
)
, (3.5)

with the mean beam velocity vmean and the velocity spread ∆v respectively defined as

vmean =

√
2kB
m

γ

γ − 1
(Tres − Tbeam) and ∆v =

√
2kBTbeam

m
. (3.6)

Here, the temperature of the gas reservoir and the final beam are denoted by Tres and
Tbeam, respectively. kB is the Boltzmann constant and γ describes the adiabatic coef-
ficient of the expanded gas. A comparison of the velocity distributions for a typical
effusive and supersonic beam is shown in Figure 3.3 together with schematically visu-
alisations of the expansion process for both regimes in the insets of the figure [116].

377.5361
0

1

Supersonic beam
Effusive beam

Velocity (m/s)

N
or

m
al

is
ed

 v
el

oc
ity

 d
is

tri
bu

tio
n

vmean

Kn >> 1 Kn << 1

Figure 3.3 Representative velocity distribution of an effusive and supersonic atomic
beam [116]. The insets schematically show the different Knudsen regimes for an effusive
(Kn >> 1, red) and a supersonic expansion (Kn << 1, blue).

In a good supersonic expansion, almost all initial internal energy is transferred
into kinetic energy of the beam, i.e. the final beam temperature can be neglected in
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comparison to the initial temperature of the gas reservoir (Tbeam << Tres). For this
limiting case, the maximum mean velocity vmean,max a supersonic beam can reach is
given by [115]

vmean,max =

√
2kB
m

γ

γ − 1
Tres. (3.7)

The final velocity of the beam hence depends on the mass of the expanded gas and
the thermal temperature of the gas reservoir. The mass dependency is shown for all
commonly used rare gases (γ = 5/3, [113]) in Figure 3.4a, while Figure 3.4b gives the
impact of Tres on the beam velocity for the two rare gases used in this thesis, helium
and neon.
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Figure 3.4 (a) Maximum mean velocity vmean,max of a supersonic beam as function of
the molecular mass at a reservoir temperature of Tres = 293 K. (b) Dependence of the
maximum mean velocity vmean,max of a supersonic beam on the reservoir temperature
for the rare gases helium and neon.

The transversal velocity of a supersonic beam is experimentally reduced by the utili-
sation of beam skimmers, which confine the beam along its propagation axis and by
that select only the most intense part of the beam [112]. The transversal velocity
distribution is then determined by the geometry of the setup accounting for all beam
skimmers. The transversal velocity component of a supersonic beam passing several
skimmers is approaching zero and its spatial cross section is comparable to the orifice
of the last confining skimmer, as illustrated in Figure 3.5. Skimmers are also essential
for differential pumping of the experimental setup as they prevent particles deviating
from the core of the beam from proceeding to the next experimental stage.
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Skimmer 2 Skimmer 1Skimmer 3 Valve

dbeam ≈ dSkimmer

Figure 3.5 Schematic illustration of the confinement of a supersonic beam by skim-
mers. After the last skimmer the transversal velocity of the beam is approaching zero
and the size of the beam is comparable to the orifice of the last skimmer.

The transversal velocity leads to a dispersion of particles from the main propagation
axis resulting in an overall decrease of its density. The particle density Cbeam(x) of a
supersonic beam as function of the distance from the nozzle x can be described by

Cbeam(x) = C0

(
1 +

γ − 1

2
M(x)2

)− 1
γ−1

, (3.8)

where C0 is the initial beam density at the nozzle and M(x) describes the dependence
of the Mach number M on x [117]. According to Ref. [118], M(x) for an monoatomic
gas (γ = 5/3) can be estimated by

M(x) = 3.26

(
x

dnozzle
− 0.075

) 2
3

− 0.61

(
x

dnozzle
− 0.075

)− 2
3

, (3.9)

with dnozzle the diameter of the nozzle opening. A typical decrease of density as function
of the distance to the nozzle is given in Figure 3.6 for several initial particle densities at
the nozzle and different nozzle openings. The main decrease in particle density occurs
in the direct vicinity of the nozzle.
Molecular beams can be produced by directly expanding the pure gas or by co-

expanding the target molecules with an inert carrier gas, a principle which is known as
seeding. Usually atomic rare gases are chosen as carrier gases, but also non-interacting
molecules like SF6 or H2 have been used in the past. Seeding allows tuning of the
molecular-beam speed by choosing the carrier gas and by adjusting the seeding ratio
of the target molecules to the inert gas. For sufficient low concentrations of the target
molecule, the resulting molecular beam is dominated by the properties of the carrier
gas [112]. Seeding also provides an efficient way to cool down the internal energy of
the expanding molecules, as collisions with the seeding gas facilitate the transfer form
vibrational and rotational energy to forward motion. As the energy level spacing of vi-
brational levels is larger compared to rotational levels, cooling of the vibrational levels
is overall less effective. This is in particular the case for small, diatomic molecules with
large energy spacing whereas for larger polyatomic molecules also the vibrational levels
are cooled efficiently [112–115]. In a good supersonic expansion only the lowest rota-
tional levels are populated, as experimentally shown in Chapter 4. Seeding a molecular

28



3.3. The atomic and molecular beam sources

0 0.2 0.4 0.6 0.8 1

109

1010

1011

1012

1013

1014

1015

1016

Nozzle distance x (m)

B
ea

m
 d

en
si

ty
 C

be
am

(x
) (

cm
-3

)

C0=1·1020 cm-3

C0=1·1019 cm-3

C0=1·1018 cm-3

C0=1·1017 cm-3

dnozzle= 0.3 mm
dnozzle= 0.2 mm
dnozzle= 0.1 mm

Figure 3.6 Dependence of the particle density of a supersonic rare gas beam Cbeam(x)
on the distance to the expansion nozzle x. Cbeam(x) is plotted for several initial den-
sities C0 and typical effective nozzle diameters dnozzle of high-pressure beam valves as
indicated in the legend.

species in an inert carrier gas also significantly reduces the formation of van-der-Waals
clusters between molecules by reducing the probability of two cold molecules colliding
with each other [107,113]. The downside of seeding target molecules in an inert gas is
the significantly reduced beam density compared to a pure expansion. Higher percent-
ages of the target molecules increases the overall beam density and hence experimental
signal levels, but also reduces the cooling of internal degrees of freedom. Because for
electrostatic deflection experiments a cold molecular beam without molecular clusters
is essential, the concentration of expanded molecules is usually kept below 1 % for
the experiments described in this thesis, which results in a rotational temperature not
exceeding a few Kelvin (see Ch. 4).
Pulsed-molecular beams can be generated by allowing the expansion process only
for a well-defined time, which is experimentally done by repeatedly opening and closing
the expansion nozzle. In contrast to continuous beams the gas load of pulsed beams
and hence the requirements for the vacuum pumps are significantly reduced, which
results in an overall lower background pressure and by that improves the expansion
process [107]. The strong reduction in internal energy together with a well-defined
velocity makes atoms and molecules in pulsed, supersonic beams ideal reactants for
the investigation of gas-phase reactions. How such particle beams are generated exper-
imentally for the novel crossed-molecular-beam setup is described in the next sections.
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3.3.2 The Even-Lavie valve

Pulsed molecular beams which are guided into the electrostatic deflector to prepare
reactants in certain rotational quantum states or conformers are generated by a com-
mercial Even-Lavie valve [119–121]. The Even-Lavie valve belongs to the group of
pulsed solenoid valves for which the nozzle of the gas reservoir is sealed by a magnetic
plunger which is periodically pulled back by the magnetic field of a solenoid. Fast
closing of the reservoir nozzle between the magnetic pulses is ensured by a mechanical
loaded spring pushing the plunger back into its sealing position [120]. This results in
the generation of well-defined and dense supersonic beams of molecules. The Even-
Lavie valve can operate at high backing pressures up to 100 bar and repetition rates
exceeding 1 kHz. In our setup, the valve is mounted in the deflector-source chamber,
which is connected by a conical skimmer with a diameter of dSkim = 3 mm to the deflec-
tor chamber. A construction drawing of the implementation of the Even-Lavie valve
in the CMB setup is given in Figure 3.7, together with a picture of the deflector-source
chamber.
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Figure 3.7 (a) Construction drawing of the deflector-source chamber. The Even-
Lavie valve is mounted in a mirror mount, which is placed on an xyz -translation stage.
(b) Photographic image of the inside of the deflector-source chamber. Labels: 1
Even-Lavie valve, 2 Movable skimmer, 3 xyz -translation stage, 4 Mirror mount, 5
Vacuum gate valve.

The valve body is mounted inside a mirror mount which is placed on a xyz -
translation stage. This arrangement enables proper alignment of the molecular beam
axis with the deflector and the collision region as all three space directions and also
the horizontal and vertical tilting of the valve can be controlled independently.
Typically temporal profiles of supersonic beams produced by the Even-Lavie valve in
the CMB setup are shown in Figure 3.8 for the two molecules OCS and hydroquinone
(HYQ) which are used as reactants in the context of this thesis (Ch. 5 and 6, respec-
tively). Only highly diluted samples of OCS (≈ 0.2 %) in an inert carrier gas are used
to avoid molecular cluster formation and ensure good rotational cooling. Seeding OCS
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Figure 3.8 Typical temporal profiles of pulsed molecular beams produced by the Even-
Lavie valve for OCS seeded in helium and neon and for hydroquinone with helium as
carrier gas. The amplitude of the profiles has been normalised for better comparison.
For the molecular beam of HYQ the gas reservoir was heated to a temperature of
Tres = 420 K, resulting in a slightly faster beam compared to the OCS-He mixture.

in neon results in a significantly slower molecular beam compared to using helium as
carrier gas. In contrast to OCS, hydroquinone is solid at room temperature and there-
fore has to be heated to generate a sufficiently dense molecular beam. An accurate
value for its concentration in the beam can therefore not be given and only a rough
estimate can be made. Based on experimental signal intensities the concentration of
HYQ even after heating the sample should be significantly lower than the typical 0.2 %
of OCS. For the beam profile of HYQ seeded in helium shown in Figure 3.8, the gas
reservoir was heated to a temperature of Tres = 420 K. Heating the gas reservoir in-
creases the mean velocity of the beam according to Equation (3.7), resulting in the
slightly faster beam of HYQ compared to the OCS-He mixture. Supersonic expan-
sions by the Even-Lavie valve also result in excellent cooling of the internal degrees
of freedom of the expanded molecules [119]. In the current setup typical rotational
temperatures of Trot ≈ 0.5 K and Trot ≈ 1-2 K were achieved for a molecular beam of
OCS and hydroquinone, respectively, as demonstrated in Chapter 4.
For the expansion of liquid and solid samples, the Even-Lavie valve features a sample
cartridge which is directly placed inside the valve housing. The valve body and the
sample cartridge can be heated to control the vapour pressure of the sample and by that
impact the density of the resulting molecular beam. Assuming a linear dependency of
the vapour pressure Pvap in the gas reservoir and the measured signal intensity, the
signal levels ISignal as function of the reservoir temperature Tres should scale accord-
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ing to the Antoine equation [122, 123] corrected by a normalisation constant Nnorm.
ISignal(Tres) can then be expressed as

ISignal(Tres) = Nnorm · Pvap(Tres) = Nnorm · 10A−
B

C+Tres , (3.10)

with A, B and C being molecule-specific parameters. The experimental determined
signal intensity of a beam of hydroquinone seeded in helium for different reservoir
temperatures are shown in Figure 3.9a together with the normalised Antoine equa-
tion using the molecule-specific parameters for HYQ (A = 5.8947, B = 3049.481,
C = −40.485 [124, 125]). The relative beam intensities of HYQ were measured by
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Figure 3.9 (a) Relative signal intensities of a molecular beam of hydroquinone (HYQ)
as function of the gas reservoir temperature Tres of the Even-Lavie valve. The data
was fitted with a normalised Antoine equation for the HYQ-specific parameters (A =
5.8947, B = 3049.481, C = −40.485 [124, 125]) with the normalisation constant Nnorm

the only independent fitting parameter. The error bars represent the standard error
of three individual measurements. (b) Experimental dependence of the mean beam
velocity of a HYQ beam seeded in helium on the reservoir temperature together with
the theoretical velocities of a pure helium beam. The discrepancy between experiment
and theory is due to small systematic errors in the velocity determination and the valve
temperature readout.

integrating the relevant peak in a time-of-flight mass spectrum obtained after fs-laser
ionisation. Heating the sample increased the beam densities of the target molecules.
It has to be noted that the Antoine equation does not accurately describe the vapour
pressure in the vicinity of phase transitions and hence only data below the melting
point of HYQ (Tmelt = 445 K) is shown.
Heating the valve also impacts the final velocity of the molecular beam as shown in
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Equation (3.7). The mean beam velocity of a beam of HYQ seeded in helium was
determined for different reservoir temperatures using the velocity-map imaging tech-
nique. For solid samples, it can be assumed that the concentration of hydroquinone
is so low that the final velocity of the beam is mainly determined by the properties of
the carrier gas helium. Figure 3.9b gives the measured experimental beam velocities
together with the theoretical maximum mean speeds of helium. The deviations
between experimental and theoretical values can be accounted for by small systematic
errors in the measurement of the velocity and reservoir temperature on the one side
and shortcomings of the above presented theory.

3.3.3 The discharge source: the CRUCS valve

The second supersonic beam containing the reaction partners to the state- or conformer
selected molecules is generated by a valve designed and developed by the Canadian
Center for Research on Ultra-Cold Systems (CRUCS) [126]. This CRUCS valve is a
solenoid-based pulsed valve and has a similar operating mechanism as the Even-Lavie
valve. In our group, it was equipped with a discharge unit to be able to produce
beams of metastable atoms and free radicals [127]. Both species feature a very high
chemical reactivity which makes them preferred co-reactants in crossed-molecular-beam
experiments as the resulting large reaction cross sections ensure sufficient signal lev-
els [12–19,128,129].
The CRUCS valve is mounted in a separate source chamber, which extends by a hollow
tube into the reaction chamber as schematically shown in Figure 3.10. The extension
of the source chamber enables the CRUCS valve to move closer to the detection region,
resulting in significantly higher beam densities in the overlap region of the two crossed
beams (as demonstrated in Fig. 3.6). The atomic beam of the CRUCS valve first
passes through a slit skimmer (1 mm×10 mm) separating the source from the reaction
chamber, before it is confined to its final size by a conical skimmer (dSkim = 1.5 mm)
directly before the interaction region. The final distance between the valve nozzle and
the centre of the interaction region is around 25-30 cm, which is close to the mini-
mum possible distance while still employing two skimmers to achieve a nicely confined
atomic beam. This includes a minimum distance of 10 cm between the valve nozzle and
the first skimmer, which is essential for high-density gas valves, like the CRUCS valve
used here, to prevent clogging of the skimmer [130]. Similar to the arrangement of the
Even-Lavie valve, also the CRUCS valve is clamped inside a mirror-mount which is
placed on a xyz -translation stage to allow optimum alignment of the atomic beam with
the interaction region. All relevant dimensions and positions of the beam skimmers are
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Figure 3.10 Construction drawing of the source chamber containing the discharge
unit. The CRUCS valve with attached plate-discharge is clamped in a mirror mount,
placed on an xyz -translation stage. The source chamber extends into the reaction
chamber to minimise the distance between nozzle and detection region. The atomic
beam first passes through a slit skimmer (1 mm×10 mm) separating the source from the
reaction chamber, before it is finally confined by a conical skimmer (dSkim = 1.5 mm)
placed in the octagonal support structure in the reaction chamber. Labels: 1 CRUCS
valve plus plate-discharge, 2 Slit skimmer, 3 Conical skimmer, 4 Mirror mount, 5
xyz -translation stage, 6 Octagonal support structure with ion-extraction electrodes.

summarised for the complete crossed-molecular-beam setup at the end of this chapter
in Figure 3.29.
The high reactivity of metastable atoms and radicals demands their production di-

rectly in the collision-free environment of an expanding particle beam, as otherwise they
would directly recombine to chemically more stable species. For this purpose the ex-
panding beam of the precursor species is electrically discharged directly after the nozzle
of the CRUCS valve. The combination of two different discharge sources, a conventional
plate discharge [126, 131–138] and a dielectric-barrier discharge (DBD) [126, 138–141],
with the CRUCS valve and their characterisation for the production of an atomic
beam of fluorine radicals was done by Patrik Straňák and the results are published
in Ref. [127] and further detailed in his dissertation [142]. In short, both discharges
succeeded in generating a cold and dense beam of fluorine radicals by dissociating the
precursor molecule F2 and operated reliably up to repetition rates of 200 Hz. The
discharge efficiency (ratio of F* to F2) was by a factor of 8 to 9 larger for the plate-
discharge source compared to the dielectric-barrier discharge. Both discharge types
generated predominantly fluorine radicals in the 2P3/2 ground state, but overall the
radical beam produced by the DBD-source was internally slightly colder compared to
its plate-discharge counterpart [127]. The usage of corrosive-resistant materials such as
stainless steel, MACOR and Teflon-sealing gaskets instead of commonly used Kapton-
seals ensured excellent resistance to corrosion of both the valve and discharge sources.
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Even for the highly corrosive F2 precursor, the discharge sources could be operated
reliable over weeks without maintenance. It has to be mentioned that discharge units
of the same designs, but attached to a Nijmegen Pulsed Valve [143], were successful
in the generation of dense and cold molecular beams of OH and NH radicals from
the precursors H2O and NH3, respectively [138, 144]. This allows the assumption that
the combination of CRUCS valve and discharge unit presented here should be able to
generate a wide variety of different atomic and molecular radicals increasing the range
of possible reactions which can be investigate with the here introduced CMB setup.
In the context of this thesis, the generation of metastable species is more relevant and
is discussed in the following. All experiments presented here utilise the plate discharge,
mainly because it produces overall denser atomic beams but also because it is signifi-
cantly less complex and easier to maintain than the dielectric-barrier discharge [142].
A schematic of the plate-discharge source is given in Figure 3.11b.

(a) (b)

2

1

Discharge plate (-1 kV)

Discharge plate (0 kV)

Insulating plates (Macor)

Nozzle

Teflon gasket

Back plate

Plate holder

Figure 3.11 (a) Photographic image showing the frontal view of the plate-discharge
unit attached to the CRUCS valve and the electron-emitting tungsten filament. (Pho-
tograph taken by P. Straňák). (b) Schematic cross section of the plate-discharge source.
The expanding atomic beam is discharged in the nozzle between two concentric plate
electrodes (thickness 1 mm). The plates are separated by MACOR insulators (thick-
ness 2 mm). The conically shaped nozzle features an opening angle of 60° and an inner
diameter of 0.5 mm. The plate-discharge unit is mounted on the front plate of the
CRUCS valve (not shown). Sealing between valve body and discharge unit is achieved
by a corrosion-resistant Teflon gasket [127]. (Schematic by P. Straňák). Labels: 1
Tungsten filament, 2 Plate-discharge unit.

The expanding rare gas beam is excited by an electrical discharge occurring between two
concentric plate electrodes placed in the throat of the expansion nozzle. The voltage
applied to the electrodes is obtained from a home-built voltage driver, which provides
nearly squared high-voltage pulses. A simplified schematic of the electronic circuit
powering the discharge and a typical high-voltage pulse are shown in Figure 3.12a and
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Figure 3.12b (blue trace), respectively.
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Figure 3.12 (a) Electronic circuit of the plate discharge attached to the CRUCS valve.
The applied voltage is continuously monitored by a fast oscilloscope. (b) The voltage
across the discharge electrodes as monitored with the oscilloscope. Different traces
show the raw HV-pulse in the absence of any discharge (blue), the voltage across the
discharge electrodes in the presence of a glow discharge (red) and the large voltage
drop occurring during arching events (yellow).

The different operation regimes of an electrical plate discharge depends on the
size of the applied voltage across the electrodes and the size of the resulting current
caused by breakdowns of the insulating vacuum between the electrodes [145, 146]. In
the absence of an atomic beam, the vacuum between the discharge plates prevents
any discharges of the electrodes which then function as a nearly perfect capacitor. If
a discharge pulse with a sufficiently large voltage is timed simultaneously with the
expansion of the atomic beam, the insulating character of the vacuum breaks down
and a conductive plasma is generated in which electrons and cations are accelerated
towards the anode and cathode, respectively. This results in a voltage drop of the
potential applied across the electrodes [147], as can be seen in Figure 3.12b (red trace).
In this regime, inelastic collisions between rare gas atoms and free electrons lead to
the excitation of ground-state atoms into higher lying electronic states. Short-lived
states decay back under emission of a photon. Therefore, this regime is called the
glow regime of the discharge [145, 146]. Contrarily, states for which relaxation to the
ground-state is forbidden due to quantum-mechanical selection rules are long-lived
[148]. These long-lived metastable states can survive in the collision free region of an
expanding atomic beam until they reach the collision chamber and thus can be used
to investigate reactions with metastable reactants. Further increasing the discharge
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voltage eventually results in significantly larger discharge currents occurring directly
between the two electrodes, which can be observed by a sudden drop of the applied
potential to zero as exemplary shown in Figure 3.12b (yellow trace) [146, 147]. This
is called arching of the discharge and should be avoided for a long-term stable and
reliable operation. For the plate-discharge attached to the CRUCS valve, a voltage
difference between the electrodes of 800 − 1000 V is usually ideal to operate it stably
in the glow regime. Monitoring the discharge voltage allows adjusting the amplitude
of the applied electronic pulse until an optimal value is reached for which the discharge
works reliable in the glow regime and arching events are reduced to a minimum.
The discharge process can further be stabilised by the use of an electron-emitting
filament placed in the vicinity of the discharge electrodes [134]. For this purpose, a
tungsten filament is attached to the CRUCS valve body as shown in Figure 3.11a. The
discharge process also leads to the generation of unwanted ions in the expanding beam,
which can be ejected from the atomic jet by using an external electric field [140]. While
initially using deflection plates directly placed after the discharge source, later the same
effect was reached by applying a constant voltage of around 500 V to the first skimmer
which separates the source from the reaction chamber. In dense beams of metastable
species, intrabeam collisions can lead to the formation of ions also beyond the initial
expansion region of the atomic beam [149]. These ions are more effectively discarded
by the voltage on the skimmer compared to the deflection plates. Any unwanted ions
formed in the beam after the first skimmer are prevented from reaching the reaction
region by applying an electric clean-up pulse to the ion-extraction electrodes of the
detector (more in Sec. 3.5.2).
So far, the plate-discharge source was used in our laboratory to generate metastable
beams of helium and neon, but the same principle is extendable to all rare gases.
Excitation of ground-state helium leads to the two long-lived states (1s2s)3S1 and 2S0,
whereas excitation of ground-state neon results into the metastable states (2p53s)3P2

and 3P0. Relaxation of these states to the ground-state is forbidden by electric-dipole
selection rules [148]. Properties of the ground- and metastable states of helium and
neon are summarised in Table 3.1 and their average lifetime is orders of magnitude
longer than the the average arrival time of the atomic beam at the detection region
(≈ 200− 500 µs).
Typical temporal profiles of metastable beams of helium and neon produced with

the CRUCS discharge nozzle are given in Figure 3.13. The inset shows a typical TOF
mass spectrum of a metastable helium beam ionised by fs-laser radiation. When the
plate-discharge is switched off, no helium peak can be observed in the spectrum as the
power of the fs-laser radiation used is not sufficient to ionise ground-state helium atoms.
Quenching of certain metastable states to allow beams of only a single excited state,
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Table 3.1 Metastable states of helium and neon

Species State Energy Lifetime

He 1S0 0 ground-state
He 23S1 19.82 eV [150] 7870 s [151]
He 21S0 20.62 eV [150] 19.8 ms [152]
Ne 1S0 0 ground-state
Ne 3P2 16.62 eV [153] 14.32 s [154]
Ne 3P0 16.67 eV [153] 430 s [155]

e.g. by implementing optical quenching using a discharge lamp [156–159], by optical
depletion using laser radiation [160–162] or by magnetic [163] or optical deflection [164],
is not yet possible in the setup presented here, but should be implemented in the near
future to allow the investigation of state- to state-prepared reactions.
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Figure 3.13 Temporal profiles of the metastable atomic beams of neon and helium as
produced by the CRUCS valve. Inset shows a typical TOF-MS trace of a metastable
helium beam ionised by fs-laser radiation (blue trace). When the plate-discharge is
switched off, no helium peak can be observed in the spectrum as the power of the used
fs-laser radiation is not sufficient to ionise ground-state helium atoms (grey trace). The
grey trace was inverted for clarity.
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3.4 The electrostatic deflector

The electrostatic deflector enables spatial separation of individual rotational states or
conformers of molecules by exploiting the interaction of their effective dipole moment
with a strong inhomogeneous electric field [74]. Implementing an electrostatic deflector
into a crossed-molecular-beam setup allows the investigation of state- and conforma-
tional effects on bimolecular reactions in the gas phase. The theory of electrostatic
deflection of molecules is given in Chapter 4 together with an experimental demonstra-
tion of our deflection setup for the separation of individual rotational states of OCS
(Sec. 4.4.1) and the trans- and cis-rotamers of hydroquinone (Sec. 4.4.2). This section
merely deals with the experimental details of the electrostatic deflector and its imple-
mentation in the crossed-molecular-beam setup.
Figure 3.14a displays a construction drawing of the experimental setup relevant for the
deflected molecular beam. A supersonic beam of molecules is generated in the deflector-
source chamber by the Even-Lavie valve before it enters the deflector chamber through
a skimmer with an orifice diameter of 3 mm. In the deflector chamber, the molecular
beam is further confined by two conical skimmers (dSkim = 1.5 mm) placed directly
before and after the electrostatic deflector (Fig. 3.14b). These two skimmers determine
the position of the molecular beam axis, which is placed 2.7 mm above the centre of
the high-voltage electrodes of the deflector as indicated in Figure 3.14d. As described
in Chapter 4, the interaction of the inhomogeneous electric field of the deflector with
the effective dipole moments of the investigated molecules leads to a spatial deflection
along the y-axis, which further increases during a free flight over a distance of 45 cm
between the end of the deflector and the reaction region. Along this way, the molecular
beam passes through another collimator consisting of an aperture with a diameter of
1.5 mm placed 6.5 cm before the centre of the collision region. The total distance from
valve to the interaction region with the second molecular beam is ≈ 1 m, which is
significantly longer than in conventional CMB setups [12, 15–19]. This results in low
beam densities in the interaction region and hence a reduced number of collision events.
Therefore, the present setup has been designed to operate at higher repetition rates
than the typical 10 Hz used in many previous setups in order to compensate for the
inherent loss in sensitivity by faster data accumulation. All relevant dimensions and
positions of the beam skimmers are summarised for the complete crossed-molecular-
beam setup at the end of this chapter in Figure 3.29.
The electrostatic deflector used in the present experiment was designed and built by
the group of Jochen Küpper at DESY (Deutsches Elektronen-Synchrotron) in Ham-
burg and is described in detail in Ref. [165, 166]. Briefly, it consists of two parallel
electrodes oriented along the molecular-beam axis with a total length of 15 cm spaced
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Figure 3.14 Electrostatic deflector and its implementation in the CMB setup. (a)
Construction drawing showing a cross section of the deflector-source chamber with
the Even-Lavie valve, the deflector chamber housing the electrostatic deflector and
the collision chamber with the octagonal support structure. (from right to left). (b)
Photographic image of the electrostatic deflector implemented in the deflector chamber.
The deflector is mounted on an alignment bridge between two 1.5 mm skimmers. (c)
Frontal picture of the deflector electrodes. (d) Schematic CAD drawing of a cross
section through the deflector electrodes. The position of the skimmers determines the
axis of the molecular beam, which enters the deflector 2.7 mm above the centre of the
high-voltage electrodes. Labels: 1 Deflector electrodes, 2 Movable skimmer, 3 Fixed
skimmer, 4 Collimator, 5 MACOR insulator, 6 Deflector holder with alignment
features.

1 mm apart as shown in Figure 3.14c. The shape of the geometries were optimised to
maximise the gradient of the inhomogeneous electric field while still having an open
mechanical structure to allow the deflection of dense supersonic molecular beams with
large cross sections [165, 166]. The electrode design results in a fairly constant field
gradient over the cross section of the molecular beam (see Fig. 4.3 in Sec. 4.3.2), which
ensures a uniform deflection of all molecules independent of their spatial position in
the beam.
The deflector electrodes are separated by a MACOR insulator, which is placed on a
stainless-steel holder attached to the deflector chamber. The deflector holder posses
several alignment features which allow to accurately adjust the position of the deflector
electrodes in a very controlled fashion. For the same purpose two skimmers as indi-
cated in Figure 3.14 are mounted on movable, high-vacuum sealed skimmer flanges,
which allow adjusting the translational position of the skimmer without breaking the
vacuum. Proper alignment of the deflector towards the molecular beam axis and the
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collision region has been carried out carefully as it is crucial for proper electrostatic
deflection experiments.
The strong inhomogeneous electric fields are produced by applying a constant electro-
static potential difference of up to 40 kV between the deflector electrodes. The voltage
is supplied by two commercial high-voltage power supplies (FUG HCP 14–20000 and
HCP 35–35000 for the negative and positive electrode, respectively). To prevent any
damages to the electrodes by unwanted electric discharges, the deflector is carefully con-
ditioned every time after exposure to air. A resistor of 100 MΩ is integrated into the
supply circuit of each electrode to limit potential harmful discharge currents. Two ac-
curate multimeters (Digital-Multimeter FLUKE 87-V TRMS AC 10) monitor eventual
discharge currents and enable a controlled electrostatic conditioning of the deflector
electrodes.
Molecules passing through the electrostatic deflector are diverted from their initial
path along the y-axis. Molecules in different rotational states or conformational iso-
mers with different effective dipole moments are deflected to a different extent resulting
in a broadened molecular beam (see Ch. 4). To be able to overlap different parts of the
deflected molecular beam with the reaction region, the source chamber and the deflec-
tor chamber are mounted on a movable frame which can be tilted with respect to the
collision chamber as shown in Figure 3.15. By tilting the deflector assembly, different
parts of the deflected molecular beam, which contain molecules in different rotational
states or different conformers, can be overlapped with the second beam in the collision
chamber so that state- or conformer-specific reaction effects can be studied (Inset of
Fig. 3.15). The position of the frame can be read out at the tilt adjustment with
an accuracy of 10 µm using a digital micrometer. The displacement of the molecular
beam in the collision region, also referred to as the deflection coordinate ydefl, can be
determined from the measured frame offset yframe by a purely geometrical relationship
as indicated at the bottom of Figure 3.15. The deflection coordinate ydefl is then given
by

ydefl = − l1
l2
· yframe = −580 mm

850 mm
· yframe, (3.11)

with l1 and l2 the distance between the adjustment wheel and the fixpoint of the frame
and between the fixpoint and centre of the detection region, respectively.
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Figure 3.15 Construction drawing of the CMB setup. The chambers housing the
deflected molecular beam are mounted on a movable frame which can be tilted with
an adjustment wheel. Thus, different parts of the deflected beam containing different
compositions of conformers or rotational states can be overlapped with the second
molecular beam in the collision region. The offset of the frame yframe can be read out
at the tilt adjustment with an accuracy of 10 µm using a digital micrometer. The actual
deflection coordinate ydefl at the centre of the deflection region can be determined by
a purely geometrical relationship as shown at the bottom of the figure. The inset
schematically illustrates how different parts of the molecular beam can be overlapped
with the collision centre by tilting the deflected molecular beam. Labels: 1 Movable
frame, 2 Static frame, 3 Flexible bellow, 4 Tilt adjustment, 5 Fixpoint, 6 Centre
of detection region.
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3.5 The detection system

The crossed-molecular-beam setup aims to investigate reactions of polyatomic systems,
for which the reactants are large enough to exhibit structural isomers. In such reactions
a wide variety of products can be formed, whose identification is the first step in every
experimental investigation. Therefore, the new setup features a time-of-flight mass
spectrometer (TOF-MS), which allows identification of the reaction products based on
their mass-to-charge ratio and enables the determination of relative branching ratios of
different reaction products and pathways. The dynamics of the investigated reaction
can be probed by the velocity-map-imaging (VMI) technique which allows to directly
map the post-collisional velocity of the reaction product. The experimental setup of
the detector is described in Section 3.5.1, and how it is used to obtain TOF-MS traces
and velocity-mapped images is described in Sections 3.5.2 and 3.5.3, respectively.

3.5.1 The experimental setup of the detector

The time-of-flight mass spectrometer and velocity-map imaging detector share the same
experimental setup as schematically illustrated in Figure 3.16.

Time readout by fast 
oscilloscope

Phosphor screen
MCP

Camera

Preamplifier

Ion-extraction
electrodes

Time-of-flight
mass spectrometry

Mass gating by 
pulsing MCP

Mass-gated 
velocity-map imaging

Position readout of 
phosphor screen

Image analysis
(thresholding, 

centroiding and 
event counting)

(a) (b)

Figure 3.16 Schematic illustration of the detector setup consisting out of ion-
extraction electrodes, MCP coupled to a phosphor screen and a fast CMOS camera. (a)
For time-of-flight mass spectrometry, the electronic signal of the MCP is first amplified
and then read out by a fast oscilloscope. (b) In case of velocity-map imaging, the MCP
are mass-gated and the impact position of the ion is read out by the camera. The
signal is thresholded, centroided and event-counted resulting in the final mass-gated
velocity-map image.

After ionisation of the reaction products, either by using a suitable laser or directly in
chemi-ionisation reactions, the ions are accelerated by an electrostatic lens towards a
position-sensitive detector consisting of a 75 mm diameter multichannel-plate (MCP)
stack coupled to a phosphor (P46) screen (Photek). For TOF-MS, the electronic signal
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of the MCP is enhanced by a home-built preamplifier (x10) before being processed
by a fast oscilloscope (Teledyne LeCroy WaveRunner 8054). In VMI mode, the phos-
phor screen is read out by a fast CMOS camera (IDS UI-3040CP-M-GL Rev.2). The
resulting image is thresholded, centroided and event-counted [167] in real-time by a
home-written software package. To obtain images of only certain reaction products,
the voltage of the particle detector can be gated by a fast HV-switch (Photek) to make
it only sensitive during the arrival time of products with a specific mass.
The stack of ion-extraction electrodes is based on the design described in Ref. [168]
and shown with all relevant dimensions in Figure 3.17.
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Figure 3.17 (a) Constructional drawing showing a cross section of the ion-extraction
electrodes as implemented in the crossed-molecular-beam setup. The stack consists of
four circular electrodes, separated by electric insulators. The molecular beam enters the
ion-extraction electrodes between the repeller and the extractor electrode. Grounded
metallic shielding elements between the electrodes prevent distortions of the electric
extraction field. (b) Photographic image of the ion-extraction stack. (c) Dimensions of
the electrodes. The dimensions are based on the design of Ref. [168]. All dimensions
are in millimetres. Labels: 1 Repeller electrode, 2 Extractor electrode, 3 Grounded
electrodes, 4 Grounded shielding segments, 5 Electric wires with MACOR insulation.

Depending on the configuration of the applied voltages, the electrode stack allows
the generation of ideal extracting fields for the acquisition of TOF-MS traces or ideal
focusing fields for velocity-map imaging. For all experiments presented in this disser-
tation,voltage was only applied to the first two plates, which are called repeller and
extractor electrode, respectively. The other two plates are grounded. In case of the
investigation of reactions resulting directly into ions, e.g. chemi-ionisation reactions,
the voltage applied to the electrostatic lens system can be pulsed within nanoseconds
from ground to the required voltage by two independent Behlke switches (for details
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see Sec. 3.5.2).
The stack of ion-extraction electrodes is mounted in an octagonal support structure
similar to the one reported in Ref. [169]. It is centrally placed in the collision chamber
and serves as the fixation and alignment point for both particle beams, for all lasers
inserted into the experiment and for the extraction electrodes of the ion-detection sys-
tem as shown in Figure 3.18. Each side of the octagon features clip mounts to which
skimmers, collimators or optical lenses can be attached reproducibly without losing the
alignment of the particle and laser beams. This renders the setup flexible for adjusting
experimental parameters such as the size of the collision and laser-ionisation volumes
which have a strong effect on signal levels, detector resolution and selection of different
parts of the deflected molecular beam.
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Figure 3.18 (a) Construction drawing showing a cross section of the collision chamber
with the octagonal support structure and the ion-extraction electrodes. (b) Construc-
tion drawing of the octagonal support structure which holds the ion-extraction elec-
trodes and allows for easy mounting of skimmers, collimators and optical lenses [111].
(c) Schematic drawing of the top view of the octagonal support structure which deter-
mines the axes of the atomic, molecular and laser beam. Labels: 1 Octagonal support
structure, 2 Ion-extraction electrodes, 3 Conical Skimmer, 4 Optical lens holder, 5
Beam collimator.
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3.5.2 Time-of-flight mass spectrometry

The time-of-flight technique has a long history in analysing chemical compositions
in gas-phase experiments based on their mass-to-charge ratio [170–177]. The TOF-
MS technique used for the crossed-molecular-beam setup described here relies on the
principles of the Wiley-McLaren mass spectrometer [98].

The Wiley-McLaren time-of-flight mass spectrometer

A typical setup of a Wiley-McLaren time-of-flight mass spectrometer is shown in Fig-
ure 3.19 [98]. Between three metallic grid-electrodes two homogeneous electric extrac-
tion fields E1 and E2 are generated which accelerate the ions from the ionisation region
towards a time-sensitive particle detector. The electric field between the last, electri-
cally grounded electrode and the particle detector is zero [98].

ℇ1 ℇ = 0 

Urep Uext MCP

d1 d2 d3

ℇ2

Δy
y

(0,0,0)

Figure 3.19 Schematic setup of the Wiley-McLaren TOF–mass spectrometer [98]. Ions
are accelerated by two homogeneous extraction fields towards a particle detector. The
arrival time depends on the mass-to-charge ratio of the ions. The spread introduced
by particles with different ionisation positions along the y-axis (red, black and blue
dots) can be minimised by optimising the ratio of the two extraction fields. Symbols
as explained in text.

For a particle with mass m, charge q and a negligible initial kinetic energy (Ekin ≈ 0)
ionised in the exact centre of the electrode stack at position y = 0, the time of flight
tTOF from the moment of ionisation till arrival at the detector is given by [98]

tTOF =

√
m

q(d1E1 + 2d2E2)

(
2
√
kd1 +

2
√
k√

k + 1
d2 + d3

)
, (3.12)

with the distances d1,2,3 as specified in Figure 3.19 and the parameter k defined for
convenience as

k =
d1E1 + d2E2

d1E1
. (3.13)

The arrival time of the extracted ions depends only on constant, experimental param-
eters and the mass-to-charge ratio of the detected species. Experimentally, this ratio is
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often expressed as the mass-to-charge-number ratio m/--z in terms of atomic mass units
u, with the charge number defined as --z = q/e and e being the elementary charge.
Deviations from the ideal ionisation position at y = 0 introduces a spread of the arrival
time of the ions on the detector. The time of flight is then a function of the ionisation
position tTOF(y). The time spread ∆t∆y arising from two ions with an initial space
separation of ∆y around y = 0 can be derived by performing a series expansion of
tTOF(y) around y = 0 and is given by [98]

∆t∆y =
∞∑
n=1

1

n!

(
dntTOF(y)

dyn

)
y=0

(∆y)n. (3.14)

The effect of ∆t∆y can be described qualitatively by two simultaneously ionised particles
with different ionisation positions as shown schematically in Figure 3.19. The particle
ionised closer to the repeller electrode is accelerated more strongly by the constant
electric field and hence enters the field-free region with a higher velocity than the
particle with an ionisation position closer to the extractor electrode. Eventually, the
faster ion will catch up to the slower particle. At the point of overtaking the time
spread caused by the initial ionisation position is zero. The point of overtaking can
be tuned to coincide with the position of the particle detector by adjusting the ratio
of the two extraction fields, which minimises the experimentally observed time spread
∆t∆y and improves the resolution of the TOF-MS detector.
So far, only molecules with a negligible, initial kinetic energy were considered. An
initial velocity parallel to the detector plane has no impact on the observed time of
flight and only the kinetic-energy component along the detector axis Ekin,y has to be
taken into account. The time spread ∆TE at the detector caused by two identical
particles with opposite initial velocities can be described by the relation [98]

∆TE =
2
√

2mEkin,y

qE1
. (3.15)

This time spread can not be compensated by the electric-field ratios and broadens the
resulting time-of-flight peaks. The width of the recorded signal peaks hence contains
information about the initial kinetic energy of the particles. E.g. particles ionised from
molecular beams entering the detector parallel to its electrodes (along x or z-axis)
posses only a very small kinetic energy along y and hence their resulting TOF peaks
are narrow. In contrast, products from exothermic reactions or dissociation processes,
in which chemical energy is transformed to kinetic energy, can have a large recoil ve-
locity resulting in broad TOF peaks.
The resolution Rm of a time-of-flight mass spectrometer can be estimated by the defi-
nition of the IUPAC nomenclature

Rm =
m

∆m
, (3.16)
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which relates the mass of a single charged ion m to the full-width-half maximum
(FWHM) ∆m of the resulting mass peak.

Time-of-flight mass spectrometry after laser ionisation

In contrast to the Wiley-McLaren spectrometer the setup described here features cir-
cular electrodes with open holes for the ions instead of metallic grids, because for
velocity-map imaging the electric field has to function as an electrostatic lens system
(see Sec. 3.5.3). The extraction fields are therefore not homogeneous as in a classical
TOF mass spectrometer, which causes small deviations of the theory developed in the
previous section and makes ion-trajectory simulations necessary.
For calibration purposes, a TOF-MS trace was recorded after ionising a pure beam of
molecular oxygen by the 225 nm output of a frequency-doubled dye laser pumped by
an Nd:YAG-laser. Two photons of the 225 nm radiation excites the oxygen molecule to
the 3dπ(3Σ−1g) Rydberg state, from which the absorption of a third and fourth photon
leads via various processes to auto-ionisation of O2

+ or dissociative ionisation resulting
into O+. The details of these processes are described in Section 3.5.3 or in Ref. [178].
The resulting mass spectrum is given in Figure 3.20a. The inset shows the raw time-
of-flight spectrum as obtained directly in our setup. The experimental time-of-flight
spectrum can be transformed to the mass spectrum shown in Figure 3.20a via Equa-
tion (3.12).
For a well-resolved time-of-flight spectrum, it is essential to optimise the ratio of the
two extraction fields to minimise the time spread at the detector caused by different
ionisation positions. Experimentally, this is achieved by adjusting the potential Urep

and Uext applied to the repeller and extractor electrode, respectively. The ideal ratio
of the voltages was determined by simulating two ions with an initial spatial spread
of ∆y = 0.5 mm in SimIon as function of Uext/Urep as shown in Figure 3.20b. The
simulated time spread as function of the electrode voltages can be reproduced by the
theoretically derived time spread ∆t∆y of Equation (3.14). The ideal voltage ratio for
our setup was determined to be Uext/Urep = 0.85. The experimental mass resolution
of the spectrometer was determined from the molecular oxygen peak of the mass spec-
trum in Figure 3.20a to be R = m/∆m ≈ 32/0.09 = 355.
In addition, the SimIon simulations allow to predict accurately the experimentally mea-
sured time of flight as shown exemplary for an oxygen atom as function of different
repeller voltages in Figure 3.20c. The theoretical calculated tTOF slightly deviates from
the experimentally measured data as the theoretical calculations are based on homo-
geneous extraction fields. Contrary, the simulated data points using inhomogeneous
extraction fields reproduce the experimental data accurately.
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Figure 3.20 (a) Time-of-flight mass spectrum of molecular oxygen ionised and disso-
ciated by 225 nm laser radiation. The inset shows a raw TOF spectrum as obtained di-
rectly in the experiment. The x-axis of the plot was transformed from tTOF to the mass-
to-charge-number ratio via Equation (3.12). Intensities are normalised with respect to
the strongest signal. (b) Simulated and theoretical time spread at the detector between
two identical molecules but with a different ionisation positions (∆y = 0.5 mm). The
spread can be minimised by adjusting the ratio of the voltages applied to the extractor
and repeller. The ideal ratio was determined to be Uext/Urep ≈ 0.85. (c) Time of flight
for different repeller voltages as observed in the experiment and simulated with SimIon.
The extractor voltage was kept at Uext = 0.85 · Urep. The theoretical values assume
homogeneous extraction fieds resulting in a small deviation from the experimental and
simulated values.
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Time-of-flight mass spectrometry after chemi-ionisation

Neutral reaction products are ionised by laser radiation in the timescale of a laser pulse
(ns-fs), which is negligible compared to the average flight time of the ions to the de-
tector (µs). Therefore, in continuous extraction fields sufficient separation in the time
of flight of particles with different mass-to-charge ratios can be achieved. This is not
the case for chemi-ionisation reactions, in which the ionic reaction products are gener-
ated for the entire duration of the overlap between the crossed atomic and molecular
beams, which is in the order of tens of microseconds. This timescale is significantly
longer than the difference in flight time achieved for ions with different m/q-ratios and
hence prevents any mass identification based on the arrival time at the detector as long
as the product ions are extracted by a continuous electric field. This can be solved
by time-dependent extraction fields, for which initially the electric field is switched off
before it is suddenly generated by pulsing the potentials applied to the extraction elec-
trons. This allows extraction of all product ions simultaneously, which again enables
recording mass spectra based on the flight time of ions with different m/q-ratios. A
typical mass spectrum obtained for the chemi-ionisation reaction of metastable neon
with ground-state argon is displayed in Figure 3.21a. Besides products resulting from
Penning ionisation of trace gases in the background vacuum (H2O+, Ne+, N2

+, O2
+),

the Penning ionisation product (Ar+) and the associative ionisation product (NeAr+)
are the dominating species observed in the mass spectrum. The experimental mass
resolution of the spectrometer utilising pulsed extraction fields was estimated from the
Ar+ peak resulting in R = m/∆m ≈ 40/0.1 = 400.
The time-dependent extraction fields complicate the conversion from the experimen-
tally recorded tTOF to the final m/--z-spectrum as the precise values of the extraction
fields are unknown. For the experimental calibration of a TOF mass spectrum it is
therefore handy to summarise all relevant experimental parameters of Equation (3.12)
into a single constant Cexp. The mass-to-charge-number-ratio (m/--z) as function of
tTOF can then simply be written as

m

--z
= Cexp(tTOF + toffset)

2, (3.17)

with toffset a fitting parameter accounting for the uncertainty in the definition of
tTOF = 0. The TOF-MS detector can then be calibrated by fitting the measured
tTOF of particles with known m/--z-ratios to Equation (3.17) as done in Figure 3.21b,
resulting in a calibration constant of Cexp = 1.62 and a time offset toffset = 0.31 µs.
While operating the TOF-MS detector with pulsed extraction fields, unwanted ions in
the metastable beam, which might be generated by intrabeam Penning ionisation, are
no longer discarded from the interaction region as long as the fields are switched off and
might participated in undesirable ion-neutral reactions. To prevent any unwanted ions
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Figure 3.21 (a) Time-of-flight mass spectrum of products of the chemi-ionisation re-
action of metastable neon with argon. The mass spectrum was taken by simultaneously
extracting all ions by pulsed electric fields. Intensities are normalised with respect to
the strongest signal. Insets show magnifications of the mass spectrum as indicated by
the x-axis values. (b) Experimentally recorded tTOF for particles with known m/--z-
ratios. The data is reproduced by a least-square fit of Equation (3.17) (Cexp = 1.62,
toffset = 0.31 µs). (c) Typical switching sequences of the potentials applied to the ex-
tractor (red) and repeller (blue) electrode for one experimental cycle. A clean-up pulse
is applied to the extractor electrode to prevent unwanted ions from entering the setup.

from entering the reaction region a clean-up pulse was applied to the extractor elec-
trode. The resulting electric field deflects all incoming ions and prevents accumulation
of ions in the detection region. Typical switching sequences of the potentials applied to
the repeller and extractor electrodes are given in Figure 3.21c. Typical experimental
timings are a clean-up pulse with a duration of 100 µs, followed by an accumulation
time of 1 µs and finally a 1 µs-extraction pulse (tclean = −101 µs, tacc = −1 µs,
text = 1 µs, Urep = 3000 V, Uext = 2235 V).
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Chapter 3. The novel crossed-molecular-beam setup

Time-of-flight data acquisition software

The data-acquisition of the TOF-MS data is done by a home-written program using the
LabVIEW software package from National Instruments. The software allows control
of all relevant parameters of the oscilloscope, which processes the signal obtained from
the MCP, and directly visualises the acquired data in real time on a user friendly
graphical-user interface (GUI) (Fig. 3.22).

(a)

(b) (c)

Figure 3.22 GUI of the CMB control software displaying the tab for (a) the oscillo-
scope control and data acquisition, (b) the tab for the triggering-system control and
(c) the tab for automatic scans of the laser and trigger timings.

The software allows controlled long-term averaging of data produced in many experi-
mental cycles and provides a routine to standardise the data-acquisition process. The
software also provides control of the triggering system and relevant ionisation lasers.
The triggering system provides communication between different hardware devices of
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the crossed-molecular beam setup utilising electronic 3.3 V-TTL pulses, which are pro-
duced by a commercially available delay generator (PulseBlasterESR-PRO from Spin-
Core Technologies) capable of providing 24 independent programmable trigger pulses.
Combining the trigger system and laser control with real-time data acquisition in a
single software suite allows performing automatic scans of the TOF-MS signal with
respect to certain trigger timings and recording scans with respect to the wavelength
of the ionisation laser. This is very useful in optimising different aspects of the crossed-
molecular-beam setup and additionally allows automatic recordings of REMPI spectra
or valve-laser-delay scans as e.g. shown in Section 3.3.

3.5.3 Velocity-map imaging

Velocity-map imaging allows probing the dynamics of reaction and dissociation pro-
cesses in gas-phase experiments [179]. It was first introduced by Eppink and Parker in
1997 [105, 178] as an advancement from standard ion imaging [104,180, 181] and since
then adapted in many areas of gas-phase research [15,182,183]. The principal of VMI
detectors has been explained in detail elsewhere, e.g. Ref. [179], and here only the most
relevant principals are described.
After ionisation, the reaction products are accelerated by an external electric field to-
wards a position-sensitive particle detector. In a VMI spectrometer. the electric field
is designed in such a way that all ions with the same initial velocity vector ~vi are
mapped on the same point P on the detector independent of their ionisation position
as schematically illustrated in Figure 3.23a. The equipotential lines of a typical elec-
tric field, as e.g. used by the simple VMI detector described here, was visualised using
SimIon and is presented in Figure 3.23b.
In a conventional detector the three-dimensional velocity distribution of products

generated by a collision or photodissociation event is crushed on the two-dimensional
surface of the particle detector. Particles with the same absolute velocity component
perpendicular to the detection axis vx,z are mapped on the detector in a circle with
radius R, which can be derived by Newton’s equations of motion and is given by

R = Nd

√
m

2qUE
vx,z, (3.18)

with N a magnification constant depending on the design of the electric field, d the
distance between the ionisation position and the detector plane and UE the electrostatic
potential at the point of ionisation [179]. The magnification constant N is unique to
each VMI-spectrometer and needs to be calibrated. For practical reasons, it is advanta-
geous to summarise all experimental parameters into a single calibration constant CN.
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Figure 3.23 (a) Schematic illustration of the working principle of a velocity-map-
imaging detector. Ions with the same initial velocity are focused on the same point
P on the detector, independent of their ionisation position. (b) Visualisation of the
electric field generated by the ion-extraction electrodes under VMI-focusing conditions
in our setup as simulated with SimIon. The red lines mark equipotential lines from
3000 V to 0 V in steps of 200 V.Green lines show typical trajectories of extracted ions
generated in a cubic ionisation volume of (1× 1× 1) mm3 with same initial velocities.

The recoil velocity of an ion with a given m/--z-ratio can then directly be determined
from R and the detector specific calibration constant using the relation

vx,z = CNR

√
--z
m
. (3.19)

The VMI stack was characterised using the photodissociation process of molecular oxy-
gen after multi-photon excitation by 225 nm laser radiation as described in detail in
Ref. [178]. In short, after excitation by two photons to the 3dπ(3Σ1g)-Rydberg state,
a third laser photon can generate a superexcited O∗2, which then directly dissociates
into neutral oxygen atoms or first auto-ionises into O+

2 (X 2Πg) or O+
2 (a 4Πu). Ab-

sorption of a fourth photon can then result in the dissociation of the molecular ion or
into ionisation of excited oxygen atoms from the direct neutral dissociation pathway.
Both channels result in atomic oxygen ions (O+(4S), O+(2D)) with a well-defined recoil
velocity, which purely depends on the dissociation process and is independent of any
experimental parameters. The dissociation channels relevant for the here described
calibration are summarised in Table 3.2. A complete overview is given in Ref. [178].
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If the dissociation laser is polarised in the detector plane, the O2 molecules predomi-
nantly dissociate along the polarisation direction and imaging the dissociation products
results in well-defined rings on the detector. The radii of these rings depend on the
recoil velocity as described in Equation (3.18).

Table 3.2 O2 dissociation processes at 225 nm radiation according to Ref. [178].

Label Process [178] Ekin (eV) [178] vrecoil (m/s)

I O2
3hν−−→O∗2 →O(2p4 3P )+O∗(3p 3P )

1hν−−→O(3P )+O+(4S) 0.43 1610
II O2

3hν−−→O∗2 →O(2p4 3P )+O∗(3p 5P )
1hν−−→O(3P )+O+(4S) 0.68 2025

III O2
3hν−−→O∗2 →O+

2 (X 2Πg)
1hν−−→O(2p4 3P )+O+(2D) 1.34 2843

VI O2
3hν−−→O∗2 →O(2p4 3P )+O∗(3s 5S)

1hν−−→O(3P )+O+(4S) 2.28 3708
V O2

3hν−−→O∗2 →O+
2 (a 4Πu)

1hν−−→O(2p4 3P )+O+(4S) 3.25 4427

Technically, a pulsed molecular beam of 5 % molecular oxygen seeded in helium was
produced by expanding 20 bar of the gas mixture into vacuum by the CRUCS valve.
The resulting supersonic jet of O2 molecules was intersected under an angle of 45°in the
centre of the ion-extraction electrodes by the 225.05 nm-output of a Narrow Scan Radi-
ant Dye dye laser (Narrow Scan from Radiant Dyes Laser & Acc. GmbH), pumped by a
solid-state Nd:YAG laser (InnoLas SpitLight 1000). The extraction field was generated
by applying a fixed voltage to the repeller and extractor electrode, while grounding the
third and fourth electrode. The resulting field is displayed in Figure 3.23b. This field
accelerated the ions towards a 75 mm MCP stack coupled to a phosphor (P46) screen.
The different arrival time of products with different m/--z-ratios at the detector allows
detection of only specific ions by mass gating the detector. This was achieved by puls-
ing the MCP stack by an additional 500 V during the arrival time of the oxygen atoms,
which takes the MCP from an idle state to being sensitive for arriving ions. Mass gat-
ing the detector significantly reduces the detection of unwanted background ions. The
phosphor screen is read out by a fast camera and the resulting image is thresholded,
centroided and event-counted [167] in real-time by a home-written software package.
The resulting accumulated images are shown in Figures 3.24 and 3.25. To avoid any
impact of Coulomb repulsion between generated ions, the laser power was reduced until
on average less than one ion was detected per laser shot.
The width of the dissociation rings is a measure of the focusing ability of the detector,
which can be tuned by adjusting the voltages applied to the repeller and extractor
electrode as illustrated for the photodissociation process of O2 in Figure 3.24. Experi-
mentally, the best focusing conditions were found by adjusting the extractor voltages
until the width of the rings were minimised. The best focusing condition was achieved
for a ratio of Uext/Urep = 2235 V/3000 V ≈ 0.75, which agrees with SimIon simulations.
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Figure 3.24 VMI images of O+ ions obtained from the photodissociation process of
O2 at 225.05 nm radiation.. The different panels show the same image for different
extractor voltages as indicated in the figure. The voltage of the repeller was Urep =
3000 V for all images. Best velocity resolution was obtained for Uext = 2235 V. Images
show the result of 30.000 experimental cycles with roughly 20.000 accumulated ions
per image. Each images is normalised with respect to the pixel with highest intensity.

Figure 3.25a gives a VMI image of the same photodissociation process under the best
focusing conditions and with greater statistics. Figure 3.25b shows the same data on a
logarithmic scale, which accentuates the rings with weaker intensity occurring at larger
radii. Integration of the VMI images over the angular coordinate results in the radial
product distribution displayed in Figure 3.25c.

In total, five different rings could be distinguished which corresponds to the
maxima labelled in the radial product distribution. Matching the radii of these rings
with the well-known recoil velocities of the relevant O2-dissociation products results
in the calibration line displayed in Figure 3.25d. The same process was repeated for
different repeller voltages (with Uext = 0.75 · Uext), resulting in calibration constants
of CN = 4.03·10−12 m

√
kg

s pixel , 3.30·10−12 m
√
kg

s pixel and 2.86·10−12 m
√
kg

s pixel , for a repeller voltage
of 3000 V, 2000 V and 1500 V respectively.1

Determining the calibration constant only allows determination of the relative
velocity differences in the centre-of-mass frame. It is essential to also determine
the zero-velocity origin of the laboratory frame to be able to also measure absolute
velocities, which was done by directly imaging the atomic beams of helium and
argon generated by both beam valves. The neutral rare gas atoms were ionised
using the radiation of a femtosecond laser. The beam spots of the different carrier
gases define the axes of the beams generated by the CRCUCS and Even-Lavie valve
as shown in Figure 3.26a. The intersection of both axes defines the zero-velocity
origin of laboratory frame as indicated in Figure 3.26b. The calibration obtained in
Figure 3.25 together with the exact location of the origin of the laboratory frame
allows an accurate measurement of the beam velocities, which are necessary for precise

1I acknowledge the students A. Cavadini and R. Röthlisberger for participating in the VMI-
calibration experiments for Urep=3000 V.
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Figure 3.25 Calibration of the VMI detector. (a) High-statistic VMI image of O+

ions obtained from the photodissociation process of O2 at 225.05 nm radiation. Images
show the result of 500.000 experimental cycles with roughly 300.000 accumulated ions
per image. (b) Same data as in (a) plotted on a logarithmic scale to accentuate rings
with lower intensities. (c) Radial distribution obtained by integrating the VMI image
over the angular coordinate. (d) Calibration lines obtained by relating the radii of the
dissociation rings to the photodissocation processes listed in Table 3.2. Lines indicate
least-square linear fits. Calibration was done for different repeller voltages (Uext =
0.75 · Uext). The resulting calibration constants for different voltage configurations are
given in the main text. Roman numbers in c) and d) indicate radii corresponding to
the dissociation processes summarised in Table 3.2.

Monte-Carlo trajectory simulations as shown in Chapter 4. The visualisation of the
beam axis also allowed the determination of the collision angle, resulting in a value of
β ≈ 91°.
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Figure 3.26 Visualisation of the atomic and molecular beam axes. (a) Accumulation
of several VMI images showing the atomic beams of helium and argon generated by the
Even-Lavie and CRUCS valve. Each beam spot was measured separately, the images
were then normalised and finally combined to the image shown here. The beam spots
define the beam axes as indicated by the dashed white lines. The intersection of both
lines defines the zero-velocity origin of the laboratory frame. The angle between both
beam axes was determined to be β ≈ 91°. (b) Schematic illustration of the beam axes
for the Even-Lavie and CRUCS valve, including the laboratory zero-velocity origin and
the collision angle β.

The VMI detector described here is very similar to the initial design by Eppink and
Parker [105]. Since then, VMI spectrometers have been continuously improved and
nowadays detectors with many electrodes are standard which enables velocity mapping
of ions generated in much larger ionisation volumes and feature a significantly higher
resolution [15,182–186]. The detector presented here was only meant as an initial tool to
gain first experience with the new setup and narrow down possible target reactions. Due
to its simplicity it was clear from the beginning that it had to be updated eventually to
meet nowadays standards. A good detector has to be tailored for the exact needs of the
investigated processes. This being said, for chemi-ionisation reactions, which are the
topic of Chapters 5 and 6, the simple detector is not suited to gain valuable insights
of the reaction dynamics due to two main reasons. As described in Section 3.5.2,
mass selection utilising the different flight times of reaction productions with different
mass-to-charge ratios is not straightforward for chemi-ionisation reactions and demands
switching of the extraction fields. Pulsing the extraction voltages disturbs the carefully
designed extraction fields and makes velocity-map imaging in combination with mass
gating of the reaction products very difficult. In contrast, when the extraction fields are
not switched only an accumulated image of all reaction products and background ions
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can be achieved, which becomes complex for reactions involving polyatomic reactants.
The second shortcoming of the current detector is its limited number of extraction
electrodes, which makes it only suited for small ionisation volumes as e.g. achieved
after laser ionisation of reactions resulting in neutral products. For these kind of
experiments, the VMI detector presented here was very useful in characterising the
fluorine radical discharge as it allowed to distinguish the fluorine radicals from the
precursor molecule F2 [127]. In chemi-ionisation reactions, however, the ionisation
volume is not determined by the small cross section of the ionisation laser but by the
overlap of the two intersecting beams, which is more than an order of magnitude larger.
For such a large ionisation volume, a VMI stack with only a few electrodes as used
here is not able to decouple the ionisation position from the velocity component of the
product ions and no proper velocity mapping is possible. VMI detectors with a larger
number of electrodes feature extraction fields with a softer focus which enables velocity-
mapping conditions also for large ionisation volumes [184]. Both problems can be
solved by implementing an electron-ion coincidence VMI detector [187] as e.g. recently
introduced by the group of Edvardas Narevicius [45]. Such a detector works for large
ionisation volumes and the combined information of electron and ion arrival times
allows a software-based product identification which makes conventional mass gating
obsolete. A similar detector is already under development in our laboratory and its
implementation will significantly improve the information gained from chemi-ionisation
reactions investigated by the crossed-molecular-beam setup.

Velocity-map imaging software

A reliable software package is needed for proper velocity-map imaging which processes
the raw data obtained from the camera to thresholded, centroided and event-counted
images. As discussed in Section 3.5.1, the long free-flight distance of the deflected
molecular beam results in lower beam densities compared to conventional CMB setups
which need to be compensated by higher experimental repetition rates. Therefore,
a fast VMI analysis and acquisition software is needed, which allows for real time
analysis and visualisation of the experimental data for repetition rates up to several
hundred Hz.
For this purpose a new software was developed in our laboratory, which is completely
written in Python 3 and exploits the open-source NumPy library for fast processing
and computation of multi-dimensional arrays and matrices. Communication between
the program and the camera reading out the phosphor screen is provided by the
PyuEye-4.90.0.0 wrapper for uEye API functions. This makes the program compatible
with all uEye cameras from IDS, which provide a broad selection of cost-efficient and
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fast cameras well suited for reading out phosphor screens in velocity-map imaging ap-
plications. The software combines the control of all necessary camera properties, such
as adjustment of the area-of-interest (AOI), exposure time and repetition rate, with
a real-time data analysis including thresholding, centroiding and event counting, in a
user-friendly graphical-user interface (GUI). The image of sequential shots is updated
continuously and directly displayed in the GUI together with additional information as
e.g. the number of accumulated shots and recorded ion hits. The program possesses a
multi-threaded software structure to allow the processes connected to the data analysis
and image visualisation happening independently from the camera control functions of
the GUI. The GUI of the BASECC (Basel’s Acquisition Software for Event-Counted
and Centroided Images) Images software suit is shown in Figure 3.27a, together with
image sections displaying the various stages of the data analysing algorithm.

(a) (b)

(c)

(d)

Figure 3.27 (a) GUI of the VMI software. The software combines the control of
all necessary camera properties with a real-time data analysis including thresholding,
centroiding and event counting. The side panels show image sections displaying a single
ion on the various steps of the data processing: (b) the raw data as obtained form the
camera, (c) a thresholded image with removed background noise and (d) a centroided
and event-counted image of a single ion.
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The principles of thresholding, centroiding and event counting analysis have been
described elsewhere [167]. In short, the raw images are first thersholded to remove
signal caused by dark counts of the CMOS sensor and by background ions randomly
hitting the MCP detector. In a second step, the remaining ion events, consisting out
of spots spanning several dozen pixels, are reduced by a reliable and robust centre-
of-mass algorithm to a single pixel, which represents the mean impact position of the
ion. This process is known as centroiding. In a final step, these single-pixel events are
even-counted over many experimental cycles into a single imaging matrix which makes
the final thresholded, centroided and event-counted velocity-map image. The centre-
of-mass centroiding algorithm employed in the software allows event-counting also with
subpixel resolution [188,189]. This possibility is also implemented in the software but
is not used in the images displayed throughout this thesis. All relevant analysing pa-
rameters such as the threshold level can be directly adjusted by the operator. The
software allows the operator to choose between three different acquisition modes; the
live-acquisition mode displaying the raw data as recorded by the camera directly from
the phosphor screen, the thresholded accumulation mode showing thresholded images
and finally the event-counted mode for thresholded, centroided and event-counted im-
ages.
The speed of the analysis algorithm for the event-counted images has been measured
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Figure 3.28 Processing time of the thresholding, centroiding and event-counting al-
gorithm of the BASECC imaging software on a standard personal computer. The
processing time of the thresholding step is independent of the number of detected ions
per shot and is indicated for each area-of-interest (AOI) by the dashed vertical lines.

61



Chapter 3. The novel crossed-molecular-beam setup

for randomly generated input matrices with a specified number of ion events. Each
of these events consists in average out of ten adjacent pixels with a circular Gaussian
intensity distribution, imitating experimentally recorded ion hits. The measured speed
of the image-processing algorithm for several different area-of-interests (AOI) of the
camera is displayed in Figure 3.28.
The processing time of the thresholding step is independent of the number of detected
ions as indicated by the dashed lines in the figure. Typically VMI images are recorded
with less than one ion per laser shot to avoid Coulomb interactions between multiple
ions. The time necessary to read out the image from the camera was determined to be
less than 1 ms for the largest AOI. Therefore, even for the biggest AOI the software
package executes fast enough to perform image acquisition and real-time analysis up
to an experimental repetition rate of several hundred Hz.

3.6 Summary

This chapter introduced a novel crossed-molecular-beam apparatus featuring an elec-
trostatic deflector in one of the molecular beams, which allows the investigation of state-
and geometry-specific effects in bimolecular reactions under single-collision conditions.
The implementation of the electrostatic deflector introduces a new approach in control-
ling molecular reactants prior to collision events, which also allows the manipulation of
molecules in strong-field seeking states [74], which makes the new setup a valuable ad-
dition to the existing CMB-landscape. The discharge source developed for the present
setup is capable of producing high-density molecular beams of free radicals [127] and
metastable species paving the way for the investigation of state- and conformer-specific
effects in chemi-ionisation and radical reactions. The new setup features a combined
detector to identify reaction products by time-of-flight mass spectrometry and probing
reaction dynamics by velocity-map imaging. A summarising schematic overview of the
new setup containing all relevant dimensions of the two crossed beams is given in Fig-
ure 3.29.
The power of the electrostatic deflector in separating molecules in different rotational
states or in different structural isomers is in detail described in Chapter 4. The ca-
pabilities of the new setup for studying rotational-state and conformational effects in
atom-molecule reactions are demonstrated in Chapters 5 and 6 on the chemi-ionisation
reactions of metastable neon with carbonyl sulfide (OCS) and hydroquinone (HYQ),
respectively.
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4
Deflecting strong-field-seeking

molecules

The ability to separate different rotational states and conformers of one of the reaction
partners is the unique feature of the crossed-molecular-beam setup described in this
thesis. This chapter is dedicated to explain the theoretical background of separating
different species by the interaction of their dipole moment with an external electric field,
to describe the Monte-Carlo trajectory simulations used to predict the interaction of
the molecular beam with the electric field of the deflector and to demonstrate with the
examples of carbonyl sulfide (OCS) and hydroquinone how the new setup is able to
separate different rotational states and conformers, respectively.

4.1 Molecules in external electric fields

The quantum-mechanical eigenstates of a molecule can be calculated by solving the
Schrödinger equation, which is in its most general form given by

HΨ = EΨ, (4.1)

where Ψ denotes the wavefunction of the molecule, E its internal energy and H the
Hamiltonian operator in the molecular centre-of-mass frame [190]. The internal energy
of a molecule is given by the sum of the individual components for the electronic energy
Eelec, the vibrational energy Evib and the rotational energy Erot [191], i.e.

E = Eelec + Evib + Erot. (4.2)

In the experiments presented here all molecules are studied after the supersonic ex-
pansion of a molecular beam, which yields the overall majority of molecules in their
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electronic and vibrational ground state, whereas multiple rotational states still can be
populated. Therefore, this chapter focuses primarily on the rotational properties of
molecules in external electric fields. While this section can only provide a reproduc-
ing summary on the theoretical aspects which are most relevant to the content of this
thesis, extensive literature is available on this topic, e.g. see references [3, 192–194].

4.1.1 Rotating molecules

In the absence of any external field, the rotation of closed-shell molecules can be de-
scribed by the field-free rotational Hamiltonian Hrot. Here the molecules will be treated
as rigid rotors. This approximation does not consider centrifugal distortion and vibra-
tional averaging contributions, but the impact of these effects on the energy structure
of the molecules is small compared to the contributions from the rigid rotor approxi-
mation and the effects generated by an external electric field and can be neglected for
the deflection experiments of the molecules described in this thesis.
In this case, the field-free rotational Hamiltonian of closed-shell molecules can be ex-
pressed by components of the total angular moment J and the principal moments of
inertia I along the three principal axis of the rigid rotor (here denoted by a, b, and c)

Hrot =
h2

4π2

(
J2
a

2Ia
+
J2
b

2Ib
+
J2
c

2Ic

)
, (4.3)

with h the Planck’s constant [192, 193]. The rotational Hamiltonian can also be ex-
pressed in terms of the rotational constants defined as A = h/8π2Ia, B = h/8π2Ib and
C = h/8π2Ic and is then given by [192,193]

Hrot = h
(
AJ2

a +BJ2
b + CJ2

c

)
. (4.4)

Depending on the magnitude of their principal moments of inertia, polyatomic
molecules can be classified into several groups. The most simple case is the linear
rotor in which two moments of inertia are the same (i.e. Ib = Ic) and the third mo-
ment is zero (Ia = 0) as the distance of all atoms to the bond axis is zero [192, 193].
Molecules for which two moments of inertia are the same, but the third one is non-zero
are commonly referred to as symmetric tops [192,193]. Depending if the magnitude
of the third moment of inertia is smaller than the other two (i.e. Ia < Ib = Ic) or larger
(Ia = Ib < Ic), the molecules are known to have a prolate or oblate symmetry, respec-
tively [192,193]. Classically this can be described as a rotation about the longer or the
shorter axis of an ellipse. Spherical-top molecules exhibit the special case in which
the magnitude of all principal moments of inertia are identical (Ia = Ib = Ic) [192,193].
Because of their symmetry, spherical top molecules exhibit no net dipole moment. The
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majority of polyatomic molecules belong to the group of asymmetric-top molecules,
which have three different moments of inertia (Ia 6= Ib 6= Ic) [192,193].
Quantum-mechanically, the molecular rotations can be described in terms of the total
angular momentum quantum number J , the quantum number K of the projection of ~J
onto the principal axis of the molecule and the quantum number M of the projection
of ~J on the space-fixed field-axis in the laboratory frame, with both K and M being
elements of {−J,−J + 1, ..., J} [192,193].
In the absence of an external electric field, the rotational energy does not depend on
the orientation of the molecule in the laboratory frame and hence states which only
differ in M are degenerate. In the simple case of a linear top molecule, the projection
of J onto the principal rotation axis of the molecule is zero (K = 0) and the field-free
energy levels can be expressed only in terms of J and the rotational constant B as [192]

E(J) = BJ(J + 1). (4.5)

Due to its symmetry, also the energy levels for a spherical-top molecule can be given by
Equation (4.5), with the only difference that for a linear-top molecule the energy levels
are (2J + 1)-fold degenerated, whereas the spherical-top levels exhibit a (2J + 1)2-
fold degeneracy [192, 193]. For a symmetric-top molecule, K 6= 0 as the angular-
momentum vector is not longer perpendicular to the principal axis of the molecule and
the degeneracy is 2(2J + 1) for K 6= 0 and (2J + 1) for K = 0. The energy levels for a
symmetric-top molecule are defined as

E(J,K) = BJ(J + 1) + (A−B)K2, (4.6)

for prolate symmetry, and by

E(J,K) = BJ(J + 1) + (C −B)K2, (4.7)

in case of an oblate symmetric-top molecule [192]. For asymmetric-top molecules, the
Schrödinger equation can not be solved analytically as the rotational Hamiltonian is
not diagonal for the basis set of the quantum numbers |J,K,M〉. Whereas J and M
remain "good" quantum numbers, K is not anymore. However, the rotational quantum
states are lying between the limiting cases of the prolate and oblate symmetric-top cases
and hence the states for the asymmetric-top molecules can be expressed in terms of
the pseudo-quantum numbers Ka and Kc, which represent the projection of J on the
molecular axes a and c, respectively (with J ≤ (Ka + Kc) ≥ J + 1) [195, 196]. The
field-free energy levels of an asymmetric top-molecule can then be written in the form

E(J,Ka, Kc) =
A+ C

2
J(J + 1) +

A− C
2

Ered(κ,Ka, Kc), (4.8)
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Table 4.1 Classification of molecular rotors [192–194,198]

Rotor type Moments of inertia Rotational Constant Energy levels Degeneracy

Linear rotor Ia = 0; Ib = Ic A = undef.;B = C E(J) = BJ(J + 1) (2J + 1)

Prolate symmetric top Ia < Ib = Ic A>B=C E(J,K) = BJ(J + 1) + (A−B)K2 2(2J + 1)

Oblate symmetric top Ia = Ib < Ic A=B>C E(J,K) = BJ(J + 1) + (C −B)K2 2(2J + 1)

Spherical top Ia = Ib = Ic A = B = C E(J) = BJ(J + 1) (2J + 1)2

Asymmetric top Ia 6= Ib 6= Ic A 6= B 6= C E(J,Ka, Kc) = A+C
2
J(J + 1) + A−C

2
Ered(κ,Ka, Kc) (2J + 1)2

where the reduced energy, Ered, is a tabulated, numerical value depending on Ray’s
asymmetry parameter κ [197], which is defined as

κ =
2B − A− C
A− C

. (4.9)

Alternatively, the different states can be defined in respect to the (pseudo-) asymmetric-
top quantum number τ = Ka −Kc, which takes the values of τ ∈ {−J,−J + 1, ..., J}.
For an asymmetric-top molecule, every J state is (2J + 1)-fold degenerate both in τ

and in M , resulting into a total degeneracy of (2J + 1)2 in the absence of an external
field [192, 193]. The main properties of the different rotor types are summarised in
Table 4.1.

4.1.2 The Stark effect

If the rotating molecules discussed above are placed in an external electric field, also
the interaction of the dipole moment of the molecule with the external electric field
has to be considered. This contribution is known as the Stark effect, which is named
after Johannes Stark, who was together with Antonino Lo Surdo the first to investigate
the splitting of atomic energy levels in external electric fields [199–201].
As the external electric-field vector is fixed in the laboratory frame, whereas the dipole
moment is fixed in the centre-of-mass frame of the molecule, there is a strong coupling
between the different molecular rotational states and the external electric field. This
coupling is described by the projection of the dipole moment ~µ onto the electric field
vector ~E and is defined by the Stark Hamiltonian HStark given by [192]

HStark = −~µ · ~E . (4.10)

The rotational Hamiltonian operator Hrot,E for a molecule in an external electric field
is then a combination of the field-free rotational Hamiltonian Hrot and the Stark term
HStark

Hrot,E = Hrot +HStark. (4.11)

Solving the appropriate Schrödinger equation gives the energies for a molecule in an
external electric field. This can be done for numerous different electric field strengths

68



4.1. Molecules in external electric fields

yielding the energy levels EStark(E) as function of the electric field , which are known as
the Stark energy curves. The Stark effect results in a shift and splitting of the rotational
energy levels of the molecule. In an external electric field the (2J + 1)-degeneracy of
the M-components is lifted into a total of (J+1) sublevels, with a two-fold degeneracy
for all M 6= 0 - components (EStark(|J,K,M〉) = EStark(|J,K,−M〉)), while the M = 0

- levels are not degenerate [192].
In the case of an inhomogeneous electric field, the energy levels of the molecule vary
depending on the field strength E(~r), which depends on the spatial position of the
molecule defined by the position vector ~r. Therefore it experiences a force which pushes
it towards positions with decreasing energy of its eigenstates. This force is called the
Stark force ~FStark and is given by [192]

~FStark = −~∇EStark(E(r)). (4.12)

This force can also be defined in terms of the projection of the dipole moment of the
molecule onto the electric-field axis

~FStark = µeff(E)~∇E(r), (4.13)

with the effective dipole moment µeff(E) [198]

µeff(E) = −dEStark(E)

dE
. (4.14)

The definition of Equation (4.13) provides an intuitive description on how the molecule
behaves in an inhomogeneous electric field, as ~FStark is directly proportional to µeff(E).
If the effective dipole moment for a given rotational state is negative (µeff(E) < 0), i.e.
the energy increases with stronger applied fields, the Stark force pushes the molecules
to regions of weaker field strengths. Such molecules are known to be weak-field seek-
ing [51]. On the contrary, molecules with a positive effective dipole moment µeff(E) > 0

are called strong-field seekers and are attracted to field maxima [51]. With increas-
ing field strength, the dipole moment of the molecules tend to align with the external
electric field, turning also weak-field-seeking states into strong-field seekers. In the
limiting case of an infinitely strong electric field, the effective dipole moments of all
rotational states approach the permanent dipole moment of the molecule. In gen-
eral, for larger, polyatomic molecules with increasing moments of inertia the transition
from weak- to strong-field-seeking states happens at weaker field strengths due to the
coupling between their closely spaced rotational levels, making these molecules exclu-
sively strong-field-seeking at experimentally relevant field strengths. Also molecules
in the rotational ground-state align with the external field and are always strong-field
seeking [74].
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4.1.3 Population of rotational-quantum states

In thermal equilibrium, the normalised population fraction Ni of a given rotational
eigenstate i with energy Ei of a molecule is defined by the Boltzmann distribution

Ni

N
=

e−Ei/kBTrot∑
i

e−Ei/kBTrot
, (4.15)

with kB the Boltzmann constant and Trot the rotational temperature of the thermal
assembly of molecules [3]. For the population difference between two states i and j it
simplifies to

Ni

Nj

= e−(Ei−Ej)/kBTrot . (4.16)

In case the eigenstate is degenerate, also the degeneracy gM for the quantum number
M and the nuclear spin statistical weight gns of this eigenstate has to be taken into
account. The population weight wi(Trot) of the energy state Ei is then given by [202]

wi(Trot) =
gMgnse

−Ei/kBTrot∑
i

gMgnse−Ei/kBTrot
. (4.17)

4.2 Exploiting the Stark effect: Deflecting polar
molecules

The Stark force can be exploited experimentally to control polar particles with a per-
manent electric dipole moment, which found widespread application in manipulat-
ing particles of atomic and molecular beams. Some examples of experimental appli-
cations of the Stark effect are Stark decelerators [28–30], electrostatic-multipole fo-
cusers [20–27] and velocity selectors [203, 204] for manipulating molecules in weak-
field-seeking states, whereas alternating-gradient focusers [52–61], microwave-lens sys-
tems [62–65] and laser-based optical techniques [66–69] utilise the Stark force to gain
control of strong-field seekers. One of the most versatile approaches, which can be ap-
plied for both weak- and strong-field-seeking states, is the principle of electrostatic
deflection.
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In 1921, Hartmut Kallmann and Fritz Reiche proposed that neutral particles with a
permanent dipole moment can be deflected from their trajectories in the presence of
an inhomogeneous field. Their theory treated both the Stark effect and its magnetic-
field analogue, the Zeemann effect [70]. The first experimental deflection was then
also realised using magnetic fields. In their groundbreaking experiment in 1922, Otto
Stern and Walther Gerlach observed that a beam of ground-state silver atoms in an
inhomogeneous, magnetic field are deflected into opposite directions depending on the
spin of the unpaired 5s electron. This famous Stern-Gerlach experiment provided first
experimental evidence that the spin angular momentum is quantised along the external
field axis [71,72]. A couple of years later in 1927, a student of Stern, Erwin Wrede was
the first to demonstrate the principle of electrostatic deflection on molecular beams of
different alkali halides and was able to give a first, rough estimate of the magnitude of
the electric dipole moment of potassium iodide (KI) [73].
Another substantial improvement was then the deflector introduced by Chamberlain
and Zorn in 1963, which was based on a two-wire design and featured improved in-
homogeneous fields [205]. A similar approach also approximating two-wire fields, but
featuring a trough-rod design, has more recently proven to be very successful in sepa-
rating molecules in different rotational quantum states [75–77]. As the effective dipole
moment, and hence the Stark force does depend on the rotational-quantum state of
the molecule, molecules in different rotational states experience a different degree of
deflection and hence can be spatially separated. The same design was also successfully
applied in separating conformers of polyatomic molecules [60,74,78–82,84,85,206] and
in selecting different sizes of molecular clusters [74,206,207].
The electrostatic deflector used in the experiments described in this thesis was devel-
oped and designed by Ref. [165]. In contrast to the trough-rod design, the geometries
of the deflector discussed here are shaped in an open mechanical structure, which sup-
ports stronger electric fields and have the additional advantage of not having a physical
barrier along the deflection axis [165] (for technical details see Section 3.4).
The molecular beam setup used for separating individual rotational states and conform-
ers by electrostatic deflection for the experiment reported in this thesis is schematically
shown in Figure 4.1. The resulting, deflected molecular beam can then be ionised by a
femto-second laser for analysis of the spatial beam composition as done in this chapter,
or can be overlapped with a second beam to investigate bi-particle reactions which is
the topic of Chapters 5 and 6. Different parts of the molecular beam can be selected
by tilting the valve-deflector setup in respect with the detection region. All technical
details of the setup are specified in Chapter 3.
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Figure 4.1 Schematic of the experimental setup used to separate different rotational
states and conformers of molecules by electrostatic deflection. Molecules are detected
by TOF-mass spectrometry. The pulsed gas valve and the deflector can be tilted in
conjunction with respect to the ionisation region as indicated by the orange arrows,
which allows ionisation of different regions of the molecular beam.

4.3 Monte-Carlo trajectory simulations

For the analysis of the experimental results simulations of the behaviour of the
molecules inside the inhomogeneous electric field of the deflector are essential. Ad-
ditionally, such simulations play a crucial role in preparing and designing an experi-
mental study as they provide information which, e.g. enables the selection of suitable
molecules for deflection and the choice of the best suited inert seeding gases.

4.3.1 General introduction

Trajectories of molecules travelling from the source through the electrostatic deflector
up to the reaction region were simulated using a Monte-Carlo approach implemented in
home-written code [80, 84, 85], which has been adapted and extended for the deflector
geometry and properties of the crossed-molecular-beam setup.
The theoretical base of the simulations is the interaction of the Stark force with the
effective dipole moments of molecules in certain rotational states. The acceleration ~a
the molecules undergo due to the Stark force is given by

~a =
~FStark

m
=
µeff(E)

m
~∇E(r). (4.18)
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For a constant field gradient, the acceleration is hence proportional to the ratio of the
effective dipole moment over the mass m of the molecule. The electrostatic deflector
used here was designed to have only a non-zero component of the field-gradient along
one axis, here defined along the Cartesian y−axis. In this case, the acceleration can
be simplified into the 1D-expression

ÿ =
µeff(E)

m

∂E
∂y
. (4.19)

The molecular trajectories propagating through a virtual experimental setup are
calculated by numerical integration of the corresponding equations of motion using
a Runge-Kutta algorithm [74, 84, 85]. The simulations are performed for a large
number of molecules (typical 50k - 1M per quantum state) with a randomised starting
assembly in a Monte-Carlo approach. Molecular trajectories which deviate so much
from the beam axis that they collide with one of the skimmers or the deflector
electrodes are discarded from the simulations. Molecules reaching the ionisation region
are summarised depending on their final position along the y-axis into histograms,
which can be directly compared to experimental deflection profiles.

4.3.2 Input parameters

The simulation requires several inputs whose accuracy towards the experimentally cor-
rect values determines the quality with which the simulations can reproduce, or predict,
the experimentally obtained deflection profiles. The most important inputs are eluci-
dated in the following paragraphs.
The starting velocity distribution of the molecules is given by a normal distri-
bution, which mimics the experimental molecular beam directly after the supersonic
expansion in the nozzle of the gas valve. The mean velocity of the particles along the
molecular beam axis is here referred to as the beam velocity. The full-width-half max-
imum (FWHM) of this distribution along and perpendicular to the molecular beam
direction are called the initial longitudinal and transverse velocity spread, respectively.
The beam velocity of an experimental molecular beam can be directly measured in
our setup by the calibrated VMI detector. The initial spatial positions of the
molecules are given by a uniformly randomised distribution as the virtual nozzle
opening.
The physical geometries of the setup and in particular the distance between the
deflector and the ionisation region are essential for accurate simulations. The relevant
dimensions have been extracted from a 3D-CAD model of the crossed-molecular-beam
apparatus created with SOLIDWORKS and were confirmed by measuring the relevant
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distances in the physical experimental setup. Note that the origin of the coordinate
system in the simulations is placed at the position where the molecular beam will enter
the deflector as shown in Fig 4.2.
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Figure 4.2 Relevant dimensions of the experimental setup for the Monte-Carlo tra-
jectory simulations. Especially the correct distance between the electrostatic deflector
and the detector is crucial for reproducing experimentally obtained deflection profiles.

The electric field of the deflector and its gradient were calculated by the
AC/DC module of the COMSOL Multiphysics software package. A cross section of
the field in the centre of the deflector is shown in Figure 4.3 together with the par-
tial electric-field gradients along all three Cartesian directions. The deflector geometry
leads to a maximum of the electric field in the centre between the electrodes, which
reaches a value of about 350 kV/cm for a potential difference of ∆V = 40 kV applied
across the deflector gap. The electric-field gradients along the x− and z−axis are
approximately zero in all relevant areas, whereas the field is strongly inhomogeneous
along y. The deflector is positioned so that the molecular beam is placed 2.7 mm above
the centre of the deflection electrodes as indicated by the white circle in Figure 4.3.
For this arrangement, strong- and weak-field seeking molecules are deflected towards
positive and negative y-coordinates, respectively.
The Stark energy of the individual rotational states of the molecule as function
of the electric field strength is computed using the CMIStark software package [198],
which numerically diagonalises the rotational Hamiltonian (Eq. (4.11)) for molecules in
an external electric field. Other relevant molecule-specific parameters, e.g. the molecu-
lar mass and the size of the permanent dipole moment are obtained from the literature
for the here investigated molecules.
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Figure 4.3 (a) Cross sections of the electric field strength and gradients along the
(b) x-, (c) y- and (d) z-direction for a potential difference of 40 kV on the deflector
as calculated with COMSOL Multiphysics. The deflector electrodes are visualised in
black and the position of the molecular beam is indicated by the white circle. The
coordinate system is oriented as indicated in Figure 4.1.

4.3.3 Thermally averaged deflection profiles

Trajectory simulations are performed for individual quantum states i yielding state-
resolved density profiles Di of the molecular beam in the detection region. The
thermally averaged deflection profile D(Trot) is then generated by weighting the
state-resolved density profiles according to their thermal population weights wi(Trot)
(Eq. (4.17)) at a given rotational temperature Trot according to [202]

D(Trot) =
∑
i

wi(Trot)Di. (4.20)
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While reproducing experimental results, the rotational temperature of the molecules
can be determined by matching the simulated thermally averaged density profiles to
the experimental data by a least-square fitting procedure. If molecules with structural
isomers are investigated, simulations are first run for each conformer separately and
are then combined according to their populations given by the two-level Boltzmann
distribution (Eq. (4.16)) assuming a thermal distribution at the temperature of the
gas reservoir before expansion.

4.3.4 Impact of ionisation volume

Molecules in the interaction region are grouped into histograms according to their
deflection position y. The sampling size of the histograms d is closely coupled to the
diameter of the experimental ionisation volume as both parameters directly effect how
the spatial position of the deflected particles are averaged into the final deflection
profile.
The impact of the histogram-sampling size on a simulated, undeflected beam profile is
demonstrated in Figure 4.4a. A larger sampling size results into broadening of the beam
profile due to an increased averaging range. For small histogram widths (d < 0.5 mm),
the change in sampling size has only a negligible effect on the profile shape. It has to
be noted that with a decreasing sampling width a larger number of molecules has to
be simulated to obtain statistically converged deflection curves. E.g. the simulation
profile with a sampling width of d = 0.05 mm in Figure 4.4a is not statically converged
even for a total of 500.000 simulated molecules. The increasing computational power
and calculation time makes simulations using such small histogram widths unpractical.
Therefore, even for experimental data obtained for smaller ionsiation volumes, the
sampling width of the simulation was not reduced below d = 0.25 mm throughout this
thesis. That this assumption is sufficient to reproduce experimental deflection profiles
obtained with a significant smaller ionisation diameter is illustrated in Figure 4.4b,
which shows typical experimental deflection profiles of OCS+ obtained by direct laser
ionisation and in a chemi-ionisation reaction with Ne+. In the latter case, the diameter
of the reaction-ionisation volume is defined by the size of the overlapping molecular and
atomic beams, which are both confined by collimators with a diameter of d = 1.5 mm
directly before the reaction region. This data is nicely reproduced by a trajectory
simulation assuming a sampling width of d = 1.5 mm. If a laser is used, the ionisation
volume is defined by the beam waist of the laser beam. In this case a fs-laser was used
which was strongly focused into the interaction region by a focusing lens with focal
length of 70 mm. Its beam waist was experimentally determined to be w ≈ 30 µm.
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Figure 4.4 (a) Trajectory simulations of an undeflected beam of OCS for different
histogram-sampling widths and (b) a comparison to typical experimental deflection
profiles of OCS+ obtained by direct laser ionisation and in a chemi-ionisation reaction
with Ne*.

Statistically converged simulations with such a small sampling width are very time
intensive. Therefore a histogram sampling size of d = 0.25 mm was used to simulate
the experimental data obtained by the small ionisation volume of a laser, which is
sufficient as can be seen from the direct comparison of simulation and experimental
results (Fig. 4.4b). Furthermore, it has to be considered that the experimental step
size between two data points along y is typically ∼ 0.25 mm, which makes a smaller
sampling width in the simulations unnecessary as the difference in the resolution will
not be resolved in the experimental data.

4.3.5 Technical structure and computation times

The core of the simulations is based on the CMIfly-code [74], which was adjusted
by Daniel Rösch in Basel to the BaselFly-code to reproduce the results of a setup
combining a deflected molecular beam with an ion trap [84,85]. This version was then
finally adapted to reproduce the deflection profiles of the crossed-molecular-beam setup
presented here. The current program structure is summarised in the schematic flow
diagram of Figure 4.5.
Briefly, the main calculation solving the equation of motion to obtain the molec-

ular trajectories are done by a home-written Fortran 90 code (Basel_Fly.f90 ). The
random starting distributions of the molecules are generated by the Fortran 90 script
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Figure 4.5 Flow diagram of the Monte-Carlo trajectory simulations used to reproduce
experimental deflection profiles. User-defined inputs are shown in green, Python scripts
in purple and Fortran 90 code in blue.

genMolecules.f90. A user-friendly python script serves as a wrapper, which takes the
necessary simulation input (setup geometries, molecular beam properties, deflector po-
tential, electric field and gradient, Stark energies), creates necessary input files for the
Fortran codes and coordinates the overall program execution. This process is iteratively
executed for each individual quantum state. A final python script uses the raw output
data from the main calculation program to create state-resolved deflection profiles by
summarising the final spatial positions of the simulated particles into histograms with
a user defined sampling width. In a last step, a thermal deflection profile is created
by weighting the state-resolved deflection profiles according to the thermal state pop-
ulation given by the Boltzmann distribution for a given rotational temperature. This
thermal deflection profile can then directly be compared to experimentally obtained
deflection data.
The calculation time for simulating an individual quantum state for a sampling size of
50.000 takes at least several seconds on a fast desktop computer. Although this might
seem short, the overall calculating time for molecules which have many rotational states
populated in the molecular beam adds up to many hours. This is in particular true
for asymmetric top molecules with reasonable small rotational constants. In this case
(2J + 1)(J + 1) calculations have to be performed per J-state, which adds up to a
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total of 20336 calculations to include all quantum states from J = 0 till J = 30. For
the here used calculator (takes ∼ 9 s per quantum state with 50k particles) this leads
to a total calculation time of ∼ 51 hrs when all J-states are calculated sequentially.
To significantly reduce the calculation time, the code has been modified to process all
rotational J-states in a parallel manner. The gained computational speed is shown in
Figure 4.6 for the simulation of all quantum states up to J = 30 of a typical asym-
metric top molecule (here hydroquinone) and a sampling size of 50.000 molecules per
quantum state. The calculation time of the parallelised code was a factor 10 shorter
compared to standard sequential processing.
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Figure 4.6 Measured calculation time of trajectory simulations for an asymmetric
top molecule (hydroquinone) as function of J . The experimental data is reproduced
by the expected theoretical calculation time. In sequential processing the calculation
of an individual quantum state is only started after the previous has been finished.
Contrary, in parallel processing the calculation of the individual J-states are started at
the same time and their individual quantum states are calculated simultaneously. For
each individual quantum state 50.000 molecules are flown with an average calculation
time of 9 s ∼ 0.0025 hrs per quantum state.

4.4 Experimentally deflecting strong-field seekers

In this section it is demonstrated how the electrostatic deflector in the crossed-
molecular-beam setup can be used to prepare reactants in individual rotational states
or conformers using the examples of carbonyl sulfide (OCS) and hydroquinone, respec-
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tively. The experimental setup to record the deflection profiles for both molecules was
shown previously in Figure 4.1. The prepared molecular beams of OCS and hyrdro-
quinone are later used to investigate rotational state- and conformer-specific chemi-
ionisation reactions, which are described in Chapters 5 and 6, respectively.

4.4.1 Separating rotational states: the example of OCS

OCS is a benchmark molecule for electrostatic deflection [74,75,77,165,208,209]. Due
to its accurately known Stark effect it is an ideal molecule to test and calibrate a new
deflection setup as it allows to closely match the experimental data with trajectory
simulations. Here it serves as an example to demonstrate how different rotational
states of a molecule can be spatially separated depending on their effective dipole
moment-to-mass ratio.
As the deflection experiments are performed after a supersonic expansion of OCS, it can
be assumed that nearly all molecules are cooled down to their electronic and vibrational
ground state, which are X1Σ+ and |0000〉, respectively. Furthermore, only the most
abundant isotope 16O12C32S is considered, which has zero nuclear spin and hence no
hyperfine structure in the ground state. OCS can be classified as a linear rotor and
hence its rotation can be fully described in terms of the two quantum numbers |JM〉.
All relevant molecular parameters are summarised in Table 4.2.

Table 4.2 Molecular parameters of OCS relevant for electrostatic deflection

Molecule Mass (g/mol) µperm (D) B (MHz)
16O12C32S 60 0.715196 [210] 6081.4921(30) [211]

The Stark energies and resulting effective dipole moments as function of the external
electric field strength for the lowest rotational states of OCS are shown in Figure 4.7a
and 4.7b, respectively. The light-blue shaded area in Figure 4.7b indicates the elec-
tric field strength at the position where the molecular beam enters the electrostatic
deflector with an applied potential difference of 30 kV. The sign of the effective dipole
moment in this area determines if a molecule in the certain rotational state will behave
as a strong- or weak-field seeker while passing the deflector.
Experimental deflection profiles of OCS were recorded by expanding 10 bar of a mix-
ture of 1000 ppm OCS (Sigma Aldrich) seeded in helium into vacuum by an Even-Lavie
valve. The resulting supersonic jet of OCS molecules was guided through the electro-
static deflector and then multiphoton-ionised with fs-laser radiation (7 mW, 50 Hz).
The resulting ions were detected by TOF-mass spectrometry. Integrating the TOF
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Figure 4.7 (a) Stark energy curves as calculated with CMIStark [84] and (b) effective
dipole moments as function of the external electric field strength for the few lowest
rotational states of OCS. Colours for the effective dipole moments in (b) are the same
as indicated for the Stark curves in (a). The light-blue shaded area indicates the electric
field strength at the position of the molecular beam entering the electrostatic deflector
carrying a potential difference of 30 kV.

peak of the OCS+ product for different tilting angles of the molecular beam machine
yielded the final beam-density profiles. Typical beam-density profiles for a deflector
voltage of 0 kV, i.e. an undeflected molecular beam, and for a deflector voltage of
30 kV are shown together with the corresponding Monte-Carlo trajectory simulations
in Figure 4.8. The deflection coordinate y represents the offset from the centre of the
undeflected molecular beam.
When a potential was applied to the deflector, the profile of the molecular beam broad-
ened and shifted towards higher deflection coordinates in comparison to the undeflected
beam profile. This behaviour could be reproduced by the Monte-Carlo trajectory simu-
lations, which showed that different rotational states |JM〉 were deflected to a different
degree. The rotational ground state |00〉 has the largest effective dipole moment and
hence was deflected the most, resulting in a complete separation of the |00〉-state from
all other rotational states at high deflection coordinates (y = 2.5 − 3.0 mm). Also
highly strong field seeking is the |11〉-state. For the relevant field strengths, the effec-
tive dipole moments of the |10〉- and |21〉-states is close to zero and hence molecules
in these rotational states are barely deflected. From all relevant populated states only
molecules in the rotational state |21〉 posses a negative effective dipole moment and
hence are weak-field seeking, which results into a deflection towards negative deflection
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Figure 4.8 Experimental deflection profiles of OCS at deflector voltages 0 kV and 30 kV
with corresponding Monte-Carlo trajectory simulations for different rotational states
|JM〉 assuming a rotational temperature of Trot = 0.5 K. The error bars represent the
standard error of 3 individual measurements in which each data point was averaged
over 200 experimental cycles. Inset gives a close-up of the simulated state-specific
deflection profiles for the quantum states associated with J=2.

coordinates as shown in the inset of Figure 4.8.
Utilising the difference in deflection for individual rotational states, the Monte-Carlo
Simulations could be used to determine the populations of the individual rotational
states and assign a rotational temperature of Trot = 0.5 K to the molecular beam,
assuming thermal populations during the expansion process.
The degree of deflection of individual rotational states and hence also the ability to
separate them depends on several experimental parameters with the most important
ones being the velocity of the molecular beam, its rotational temperature, the distance
between the deflector and the detection region and finally the strength of the inho-
mogeneous electric field and its gradient inside the deflector. Exemplary, the effect of
the latter is demonstrated in Figure 4.9, which shows experimental deflection curves of
OCS for different applied electric potentials across the deflector electrodes. The applied
potential at the deflector is directly related to the electric field strength (~E = −~∇V ).
All experimental deflection curves were reproduced with Monte-Carlo trajectory sim-
ulations with the same input parameters with the only exception of the parameter for
the deflector voltage which was varied accordingly. All experimental results were re-
produced by simulations assuming the same rotational temperature Trot = 0.5 K used
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Figure 4.9 OCS deflection profile for different potentials applied to the electrostatic
deflector together with thermally averaged Monte-Carlo trajectory simulations. All
simulations are performed with the exact same parameters, only the parameter for
the potential was varied accordingly. All traces could be reproduced with the same
rotational temperature (Trot = 0.5 K) of the molecular beam. The error bars represent
the standard error of 3 individual measurements in which each data point was averaged
over 200 experimental cycles. The inset gives the normalised peak intensities of the
deflection curves obtained with different applied deflector voltages V .

for thermal population averaging of the individual rotational states. Using the same
rotational temperature for all simulated profiles is consistent with having the same
experimental parameters for the supersonic expansion in all measurements.
The data clearly shows stronger deflection and hence also increased separation of differ-
ent rotational states for higher applied voltages (i.e. stronger electric fields). However,
it also has to be noted that with increased deflection the molecules are dispersed over
a larger area and hence the beam densities at a given deflection coordinate decreases,
as shown by the dependence of the peak intensities on the applied deflector voltages
in the inset of Figure 4.9. For the shown data, the peak intensity of the deflection
profile obtained with a deflector voltage of 40 kV is almost a factor 2 smaller than the
peak intensity of a 20 kV-deflection profile. This effect is of particular importance if
the deflected molecular beam is being used to investigate reactions with small reaction
cross sections for which the quantity of the resulting products are close to the experi-
mental sensitivity threshold of the detection setup. In such cases it might be beneficial
to accept less deflection and hence smaller separation of rotational states while having
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the trade-off of increased signal levels.

4.4.2 Separating conformers: the example of hydroquinone

Hydroquinone (HYQ, also known as 1,4-benzenediol or quinol) is the structural para-
isomer of dihydroxybenzene (C6H4(OH)2), consisting out off two hydroxyl groups
bound to a benzene ring. The rotation of the hydroxyl group around its single bond
with the benzene ring is inhibited, which results in a rotational barrier of approximately
790 cm-1 [212]. This gives rise to two planar and energetically stable conformers, here-
after called trans- and cis-HYQ depending on the relative orientation of the two hy-
droxyl groups as shown in Fig 4.10a and b, respectively. The zero-point energy level of
the trans-conformer lies 10.22 cm-1 lower than the one of the cis-conformer [213], result-
ing in a nearly equal population of both conformers at room temperature (Fig. 4.10c).
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Figure 4.10 Molecular structures of (a) trans- and (b) cis-hydroquinone with the
principal axis of inertia. The c-axis is perpendicular to the figure plane. For trans-
HYQ the bond dipole moments cancel each other, whereas for the cis-conformer the
dipole moments and up into a net dipole moment along the b axis as indicated by the
green arrow. Colours of atoms: grey (carbon), red (oxygen), white (hydrogen). (c)
Relative populations of both conformers as function of temperature.

For the cis-rotamer the O-H bond dipoles of the two hydroxyl group add up to
a net, permanent dipole moment of µperm = 2.38 D orientated along the b principal
axis [214]. Contrary, the trans-conformer has no net dipole moment due to its structural
symmetry. Having a strong polar and a completely apolar rotamer makes hydroquinone
a prime target for electrostatic deflection experiments. All relevant parameters of
both conformers of HYQ are given in Table 4.3. HYQ is an asymmetric top molecule
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and hence its rotational state are described in terms of the two quantum numbers J
and M and the two pseudo-quantum numbers Ka and Kc. Cis-HYQ belongs to the
C2v-symmetry point group with the main symmetry axis along b, whereas the trans-
rotamer has a C2h-symmetry with c being the main symmetry axis. Both molecules
have three pairs of interchangeable hydrogen nuclei which lead, under consideration of
the symmetry of their rotational wave functions, to the nuclear spin statistical weights
(nssw) depending on the values for Ka and Kc as shown in Table 4.3 [213].

Table 4.3 Molecular parameters of HYQ relevant for electrostatic deflection.
Abbrev.: NSSW (nuclear spin statistical weight), o (odd Ka,c), e (even Ka,c).

Conformer Mass (g/mol) µperm (D) [214] Rotational constants (MHz) NSSW [213]

trans-HYQ 110.112
µA = 0.00
µB = 0.00
µC = 0.00

A = 5615.1
B = 1481.7 [213]
C = 1172.8

(KaKc)
(oe),(ee): 7
(oo),(eo): 9

cis-HYQ 110.112
µA = 0.00
µB = 2.38
µC = 0.00

A = 5614.1
B = 1481.6 [214]
C = 1172.7

(KaKc)
(ee),(oo): 7
(eo),(oe): 9

The Stark energy curves of both conformers as calculated with CMIStark are shown
together with the effective dipole moment of the cis-conformer for all rotational quan-
tum states up to J = 2 in Figure 4.11. In an experimentally relevant electric field,
for cis-HYQ the size of the effective dipole moment decreases for quantum states be-
longing to higher rotational quantum number J . Molecules in higher quantum states
are hence less effected by external electric fields. For very strong electric fields, the
effective dipole moment of all states will eventually approach the size of the permanent
dipole moment.
First experimental electrostatic deflection and separation of the two HYQ-conformers
was performed by You et al. using a deflector featuring a trough-rod design [206]. In
comparison to their study, the setup described here features stronger inhomogeneous
electric fields and a colder supersonic expansion, allowing for an overall stronger de-
flection and better separation of both conformers.
To obtain experimental deflection profiles, a sample of HYQ (Sigma Aldrich, > 99 %)
was placed in the sample cartridge of a heatable Even-Lavie valve, from which it was co-
expanded with 90 bar of helium. As the vapour pressure of HYQ at room temperature
was not sufficient to create a dense molecular beam, the Even-Lavie valve containing
the sample was heated to a temperature of Tvalve = 130 °C. The resulting supersonic
beam, containing both HYQ-conformers, was guided through the electrostatic deflec-
tor and then ionised by a fs-laser (2.9 mW, 50 Hz). Ionic products were detected by
TOF-mass spectrometry. Analogously to the deflection profile of OCS, the TOF-mass
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Figure 4.11 (a) Stark energy curves as calculated with CMIStark [84] and (b) effec-
tive dipole moments as function of the external electric field strength for the lowest
rotational states of cis-hydroquinone. The colour gradient indicates the individual ro-
tational states with the total angular momentum quantum number J = 0 to J = 2,
respectively from light blue to purple. The Stark energy of the trans-conformer is
indicated in (a) by black lines. The light-blue shaded area indicates the electric field
strength at the position of the molecular beam entering the electrostatic deflector car-
rying a potential difference of 35 kV.

peak of HYQ+ was integrated for different tilting angles of the molecular beam ma-
chine, resulting in the experimental deflection profile shown in Figure 4.12a. As the
applied detection method was not conformer-specific, only the overall deflection profile
of both conformers could be recorded. The individual behaviour of both conformers
could be disentangled with the help of Monte-Carlo trajectory simulations, for which
both conformers were first simulated separately with a sampling size of 100k molecules
per quantum state. The resulting state-specific deflection profiles were then averaged
according to the rotational temperature of the beam Trot, while accounting for the
degeneracy and nuclear spin statistical weight of each quantum state. Finally, the two
conformer-specific profiles were combined to the overall deflected profile according to
their relative populations given by the temperature of the gas reservoir Tvalve.
The direct comparison of experimental results and simulation data shows that when a
potential difference of V = 35 kV was applied to the deflector, the cis-rotamer clearly
shifted to higher deflection coordinates and by that separated from the undeflected
trans-conformer. This is in clear contrast to the profile recorded with no potential dif-
ference applied to the deflector for which both conformers spatially overlap as shown
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Figure 4.12 Experimental deflection profile of HYQ together with Monte-Carlo tra-
jectory simulations for the trans- and cis-rotamers, assuming a rotational beam tem-
perature of Trot =1.2 K . The inset shows the beam profile obtained with a switched-off
deflector. The error bars represent the standard error of three individual measurements
in which each data point was averaged over 2000 experimental cycles. (b) Contribution
of the state-specific deflection profiles summed over quantum states with the same an-
gular momentum quantum number J towards the deflected cis-conformer. For clarity,
all profiles are magnified by a factor 3. (c) Relative populations of all quantum-states
summed over J for Trot =1.2 K.

in the inset of Figure 4.12a.
The contribution of molecules in different rotational states towards the deflection profile
of the cis-conformer is given in Figure 4.12b. For clarity, only the state-specific deflec-
tion profiles summed over quantum states with the same angular momentum quantum
number J are shown. Only the relevant populated rotational states are considered (see
Fig 4.12c). As expected from the effective dipole moments shown in Figure 4.11b, quan-
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tum states with smaller J are deflected more. In contrast to OCS, all relevant quantum
states of HYQ are strong-field seeking for the given experimental field strength.
Because the degree of deflection strongly depends on the quantum state of the molecule,
a rotationally cold molecular beam is essential for good separation of both conform-
ers. This was investigated by measuring experimental deflection profiles of HYQ for
different temperatures of the pulsed gas valve. Changing the valve temperature has a
direct impact on several parameters of the created molecular beam, including (i) the
mean beam velocity, (ii) the relative population of the conformers in the beam, (iii)
the beam density and (iv) the population of the rotational states. The values of these
parameters for the investigated valve temperatures are summarised in Table 4.4.

Table 4.4 Molecular beam parameters of HYQ for different expansion temperatures.

Tvalve (°C) Beam velocity (m/s) Cis-population (%) Signal levels Trot (K)
130 2257 49.09 0.07 1.2
150 2323 49.13 0.31 1.7
170 2380 49.17 0.66 2.5
190 2427 49.21 1 3.9

The mean velocity of the HYQ-beam was measured using the VMI detector. The
population of the cis-rotamer directly follows from the two level Boltzmann distri-
bution and is barely effected for the investigated temperature range. The absolute
beam density can not be straightforwardly measured in our setup, but the relative
signal levels of different measurements were obtained from TOF-MS traces. Finally,
the rotational beam temperature was conducted by direct comparison of experimental
deflection profiles and trajectory simulations.
Whereas the small change in the beam velocity and in the relative population of the
conformers has only a small impact on the overall deflection profile, the population of
the individual rotational states is critical for good separation of the two rotamers of
HYQ. This is illustrated in Figure 4.13, in which experimental deflection profiles of
HYQ for different temperatures of the expansion valve are shown together with trajec-
tory simulations.
All data was reproduced using simulations with the same input parameters, only the
beam velocity, the population of the conformers and the rotational temperature of the
beam has been adjusted accordingly. All data was normalised to exclude the effect of
different signal levels for the time being.
As can be seen in the insets of Figure 4.13, the relative population of the rotational
states shifts to higher J for an increasing valve temperature. Because molecules in
higher rotational states have a smaller dipole moment and are deflected less, the sep-
aration between the undeflected trans-conformer and cis-HYQ decreases with increas-
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Figure 4.13 Experimental deflection profile of cis- and trans-HYQ for different tem-
peratures of the gas valve. All simulations were performed with the exact same pa-
rameters, only the valve temperature, beam velocity and rotational temperature was
adjusted accordingly. Insets show the rotational population distribution.
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ing rotational temperature. E.g., for the deflection profile obtained at Tvalve =130 °C,
mainly the highly strong-field seeking rotational states at low J are populated, leading
to a clear separation of both HYQ-conformers. In contrast, for a rotationally warmer
molecular beam created with a valve temperature of Tvalve =190 °C, the separation
of both conformers is significantly worse, which emphasises the importance of a cold
supersonic beam.
Nevertheless, it can not be neglected that the increased vapor pressure of the sample
for higher valve temperatures significantly increases the beam density and hence the ex-
perimental signal levels of the experiment. For the shown data, the signal levels almost
increased by a factor of 15 between the experiments conducted at Tvalve =130 °C and
Tvalve =190 °C (see Tab. 4.4). While designing a study to investigate conformational
effects in gas-phase reactions, these two factors, rotational coldness and density of the
molecular beam, have to be carefully balanced to achieve good separation between the
conformers on one hand and overall sufficient signal levels on the other hand.

4.5 Conclusion

It was demonstrated on the example of OCS that the electrostatic deflector of the new
crossed-molecular-beam setup can be used to separate individual rotational states, de-
pending on their effective dipole moment. Although a complete separation was only
achieved for the rovibrational ground state at high deflection coordinates, a unique
distribution of rotational-state populations was established in the beam at each deflec-
tion coordinate. This enables the investigation of state-specific effects in bimolecular
reactions as demonstrated in Chapter 5.
Analogously, the electrostatic deflector allows the separation of rotational isomers as
demonstrated with the apolar trans- and the polar cis-conformer of hydroquinone.
The resulting molecular beam of spatially separated rotational isomers provides an
ideal starting point for geometry-specific reaction experiments, which will be the topic
of Chapter 6.
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5
Rotational-state resolved chemi-

ionisation reaction of Ne* + OCS

The novel crossed-molecular-beam setup allows the investigation of state-specific ef-
fects of neutral bimolecular reactions under single-collision conditions. In this chapter,
the capabilities of the new apparatus are demonstrated on the chemi-ionisation reac-
tion of metastable neon atoms with rotationally state-selected carbonyl sulfide (OCS)
molecules. It was observed that the branching ratio between the Penning and dissocia-
tive ionisation pathways, respectively leading to the OCS+ and S+ reaction products,
strongly depends on the initial rotational state of OCS. The associative ionisation
product was not observed.

5.1 Introduction

Chemi-ionisation reactions play an important role in many areas including plasma and
discharge processes [215–218] and the chemistry of the terrestrial atmosphere [219,
220]. The term chemi-ionisation describes the reactive collision of an electronically
exited metastable species A* with a ground-state atom or molecule B resulting in
an ionic reaction product. Ionisation only occurs when the excitation energy of the
metastable species is larger than the ionisation energy of the collision partner [128,221].
It is generally understood that chemi-ionisation reactions follow a barrier-less reaction

Parts of this chapter are based on the publication: L. Ploenes, P. Straňák, H. Gao, J. Küpper and
S. Willitsch, A novel crossed-molecular-beam experiment for investigating reactions of state- and con-
formationally selected strong-field-seeking molecules, Molecular Physics, 119, 17-18, e1965234 (2021),
https://doi.org/10.1080/00268976.2021.1965234.
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Chapter 5. Chemi-ionisation reaction of Ne* + OCS

pathway proceeding via two intermediate collision complexes [128, 129]. The reaction
can then be described as

A∗ +B ⇀↽ [A−B]∗ → [A−B]+ + e−. (5.1)

After the collision, the first excited collision complex ([A− B]∗) auto-ionises resulting
in the ionic intermediate ([A − B]+) from which the reaction can evolve via several
different pathways. The ionic intermediate can break up resulting in a neutral atom A

and an ionic product B+, commonly known as the Penning ion (Eq. 5.2a). If the ionic
intermediate complex is stable, only a single product is formed in the reaction, which is
called the associative ion (Eq. 5.2b). In case of a molecular co-reactant, also dissociative
ionisation (Eq. 5.2c) and ionic rearrangement (Eq. 5.2d) are possible [128,221,222]. The
different reaction pathways can be summarised by

[A−B]+ → A+B+ (Penning ionisation) (5.2a)

[A−B]+ → AB+ (Associative ionisation) (5.2b)

[A−B]+ → A+ b+
1 + b2 + ... (Dissociative ionisation) (5.2c)

[A−B]+ → Ab+
1 + b2 + ... (Ionic rearrangement), (5.2d)

where bi with i = 1, 2, ... represents possible dissociation fragments of the molecular
collision partner B. The number of neutral and ionic fragments strongly depends on
the target molecule and the energy available in the reaction.
The ionisation of neutral trace gas impurities by metastable rare gas atoms was first
described by Frans Michel Penning in 1927 during his study of low-pressure gas dis-
charges for the development of new light bulbs in the Philips Natuurkundig Labora-
torium [223]. Since then, the details of the underlying reaction mechanism of chemi-
ionisation reactions was topic of many gas-phase experiments utilising molecular-beam
techniques [128, 221, 222]. Nowadays, chemi-ionisation reactions are understood to
proceed via two main reaction mechanisms [128, 224–227]. In the indirect radiative
mechanism, the target particle is ionised by the absorption of a virtual photon, which
is emitted by the metastable atom relaxing to its ground state [128, 225, 227]. In
the direct exchange mechanism, an electron of the collision partner is transferred into
the inner-shell vacant orbital of the metastable atom, stimulating the ejection of the
highly-excited electron [128, 227–229]. For the exchange mechanism, proper overlap
of the interacting orbitals is essential, which makes it a highly stereo-specific pro-
cess [128, 227, 229]. Both reaction mechanisms coexist in a chemi-ionisation reaction,
but their respective contributions strongly vary with the collision energy [227]. The ra-
diative mechanism predominates at low-collision energies under subthermal conditions.
Contrary, chemi-ionisation reactions mainly proceed via the exchange mechanism at
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high-collision energies, when the short-range part of the interaction is being probed.
Remarkable progress has been made in the last years in unravelling the mechanistic de-
tails of chemi-ionisation reactions at very low collision energies [41,43,45–48,230–235],
as for example the observation of different reactivities of ortho- and para-hydrogen in
the chemi-ionisation reaction with metastable helium, where the faster reactivity of
ortho-hydrogen could be explained by stronger long-range interactions [236].
The importance of steric effects in chemi-ionisation reactions was observed in a num-
ber of experimental studies, where the metastable rare gas atom was oriented using
external magnetic fields, resulting in strong orientation effects on the reaction outcome
including differences in the branching ratio between the Penning and associative ioni-
sation pathways [44, 46, 47, 232, 237–239]. Analogously, the molecular collision partner
was oriented prior to reaction, initially by linearly polarised laser photodissociation
experiments [240] and later using an electrostatic hexapole in combination with rotat-
able orientation fields [241–246]. These experiments also showed strong steric effects
of the reaction mechanism which could be explained by the overlap of the molecular
orbitals with the vacant orbital of the metastable species. Recently, joined experimen-
tal and theoretical work investigating chemi-ionisation reactions between metastable
rare gas atoms and small molecules showed strong anisotropies in the intermolecular
interactions that controls the stereo-dynamics in the entrance channel of these re-
actions [129, 227, 247–258]. The common observation throughout these studies is that
orbital overlap plays a crucial role in the reaction mechanism and that in case of molec-
ular reactants the direction of approach of the metastable species strongly impacts the
reaction outcome.
To our knowledge, so far no experimental studies have been performed which directly
compare the impact of different rotational states of the molecular reactant on the dif-
ferent pathways of a chemi-ionisation reaction. Presented here are first experimental
results in which the novel crossed-molecular-beam apparatus was used to investigate
effects of the rotational state of carbonyl sulfide (OCS) on the chemi-ionisation re-
action with metastable neon. The reaction of OCS with metastable rare gas atoms
has been investigated before using Penning-ionisation electron spectroscopy [259,260],
photoemission spectroscopy [261, 262] and CMB experiments which revealed strong
anisotropies in the interaction potentials [263, 264]. In general, the reaction Ne* +
OCS can proceed via different pathways yielding different reaction products: the Pen-
ning ionisation (PI) products OCS+ and Ne, the associative ionisation (AI) product
(NeOCS+) or dissociative-ionisation (DI) products of OCS. In the latter case, multiple
products are possible depending on the amount of energy available in the reaction [262].
The effect of different rotational states of OCS on the different reaction pathways is
experimentally investigated in the following.
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5.2 Experimental setup

The experimental setup has been described in detail in Chapter 3 and is schematically
summarised in Figure 5.1.

CRUCS valve + discharge

fs-ionisation laser

Interaction region

MCP
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Figure 5.1 Schematic of the experimental setup used for the investigation of the
chemi-ionisation reaction of OCS with metastable neon. The electrostatic deflector al-
lows spatial separation of OCS molecules in different rotational states as schematically
illustrated for OCS in the ground-state (J = 0, red dots) and first excited rotational
state (J = 1, blue dots). After crossing the OCS beam with an atomic beam of
metastable neon atoms (green dots), the resulting product ions are detected by a time-
of-flight mass spectrometer. This allows identification of the dissociative-ionisation
(DI), Penning-ionisation (PI) and associative-ionisation (AI) reaction products. Dif-
ferent parts of the deflected OCS beam can be overlapped with the metastable neon
beam in the collision region by tilting the OCS molecular-beam setup with respect to
the collision chamber. The deflected molecular beam can be analysed by ionising the
neutral OCS molecules by femtosecond-laser radiation [111].

In short, a pulsed molecular beam of 2000 ppm OCS (Sigma Aldrich) seeded in he-
lium was produced by expanding 10 bar of the gas mixture into vacuum. The resulting
supersonic jet of OCS molecules was guided through the electrostatic deflector, which
allows spatial separation of the different rotational states of OCS. The deflected beam
of OCS molecules was then intersected with a beam of metastable neon atoms in a time-
of-flight mass spectrometer. The beam of metastable neon atoms in the (2p53s) 3P2

and 3P0 states were generated in a supersonic expansion of neon gas (stagnation pres-
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sure 25 bar) through a pulsed plate-discharge source. Different parts of the deflected
beam containing different compositions of OCS molecules in different rotational states
were overlapped with the second molecular beam in the collision region by tilting the
OCS molecular-beam setup with respect to the collision chamber. This allowed study-
ing state-specific chemi-ionisation reactions of OCS in different rotational states. The
collision energy of the chemi-ionisation reaction was determined to be approximately
0.3 eV.
To characterise the neutral deflected OCS beam, the neutral OCS molecules was
multiphoton-ionised in the collision chamber using the radiation of a femtosecond laser.

5.3 Results

5.3.1 State-specific spatial separation of OCS

Before performing state-specific bimolecular collision experiments, it is essential to
characterise the deflected OCS beam. Details on the principle of electrostatic deflec-
tion and how it can be used to separate different rotational states are given in Chapter 4
together with a description of the underlying Monte-Carlo trajectory simulations.
Experimentally, the supersonic jet of deflected OCS molecules was multiphoton-ionised
with fs-laser radiation and the resulting OCS+ ions were detected by TOF-mass spec-
trometry. Integrating the mass peak of the OCS+ product for different tilting angles
of the molecular beam machine yielded the beam-density profiles shown in Figure 5.2.
The deflection coordinate y represents the offset from the centre of the undeflected
molecular beam. Experimental beam-density profiles at deflector voltages of 0 kV and
30 kV are shown together with the corresponding Monte-Carlo trajectory simulations.
When the deflector was turned on, the molecular beam was broadened and clearly
shifted towards higher deflection coordinates due to the different deflection of different
rotational states of OCS. The spatial separation of different rotational states of OCS
was previously demonstrated [75, 209]. The current setup did not allow for a state-
selective detection, but the degree of deflection of individual rotational states |JM〉
of OCS could be inferred from a comparison of the experimental deflection profiles to
the ones obtained from trajectory simulations. Here, J and M stand for the quantum
numbers of the rotational angular momentum and its projection on the electric-field
axis, respectively. Assuming thermal populations in the expansion, a rotational tem-
perature Trot = 0.55(7) K was determined for the molecular beam of OCS molecules.
The uncertainty quoted for the rotational temperature represents the uncertainty of
the fit of the simulated thermally averaged density profiles to the experimental data.
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Figure 5.2 Experimental deflection profiles of OCS at deflector voltages 0 kV and 30 kV
(blue and red data points, respectively) with corresponding Monte-Carlo trajectory
simulations for different rotational states |JM〉 (dashed lines). The black lines represent
the sum of the individual rotational-state-specific deflection profiles weighted by the
rotational populations assuming a rotational temperature of Trot = 0.55 K. The error
bars represent the standard error of ten individual measurements in which each data
point was averaged over 1000 experimental cycles. Inset: Thermal populations of
rotational levels of OCS summed over states with quantum number J considering
degeneracies at Trot = 0.55 K [111].

The slightly higher rotational temperature compared to measurements presented in
Section 4.4.1 can be explained by the higher OCS concentration in the gas mixture
used in the current experiments (2000 ppm) compared to the one used for the mea-
surements in Section 4.4.1 (1000 ppm). This results in slightly less efficient cooling
during the expansion process and finally a marginally higher rotational temperature.
The rotational states |00〉 and |11〉 were highly strong-field seeking at the present
electric-field strengths. Although a complete separation was only achieved for the
rovibrational ground state |00〉 at high deflection coordinates (Fig. 5.2), a unique dis-
tribution of rotational-state populations was established in the beam at each deflection
coordinate. This enables the determination of state-specific reaction rates from mea-
surements of state-averaged reaction rates at different deflection coordinates [80].
Analysing the composition of the initial molecular beam showed that it consists of
more than 95 % of OCS monomers and that eventual molecular cluster contributions
to the deflection profile of the monomer or the investigated reaction are negligible (see
Appendix A).
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5.3. Results

5.3.2 Time-of-flight mass analysis of Ne* + OCS

The chemi-ionisation reaction was investigated by crossing the molecular beam of OCS
with a beam of metastable neon ions. The product ions generated by chemi-ionisation
in the collision region were accelerated towards the detector by pulsing the extraction
fields for 1 µs as described in Section 3.5.2. A typical TOF mass spectrum of the
reaction products is displayed in Figure 5.3. Different reaction products are separated
according to their mass-to-charge-number ratio (m/--z).
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Figure 5.3 Time-of-flight mass spectrum of products of the chemi-ionisation reac-
tion Ne* + OCS. Intensities are normalised with respect to the strongest signal.
The trace corresponding to the background experiment without the OCS beam is in-
verted for clarity. The signals of the ionic products originating from Penning- and
dissociative-ionisation reaction pathways (OCS+ and S+, respectively) are indicated.
The associative-ionisation product NeOCS+ is not observed within the sensitivity limits
of the present experiment [111].

Besides products resulting from the Penning ionisation of trace gases in the back-
ground vacuum (H2O+, N2

+, O2
+), the product of the Penning-ionisation pathway

(OCS+) and the dissociation product S+ are the dominating species observed in the
mass spectrum. From the integral of the relevant signals in the TOF mass spectrum, a
total branching ratio between the Penning- and dissociative-ionisation products (PI:DI)
of 1:2.5 could be determined. As can be seen from the list of possible reaction products
given in Table 5.1 [262], other ionic products from the dissociation pathway besides
S+ are energetically unavailable considering the excitation energy of metastable neon
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Table 5.1 Different reaction pathways for Ne* + OCS and required energies [262]

Products Electronic state Energy [265] References

Ionic reaction pathways
OCS+ X2Π 11.19 eV [266]

A2Π 15.08 eV [266]
B2Σ+ 16.04 eV [266]
C2Σ+ 17.96 eV [266]

CO + S+ X1Σ+, 4S 13.55 eV [267]
a3Π+, 4S 19.56 eV [267]

CO+ + S X2Σ+, 3P 17.20 eV [267]
CS+ + O X2Σ+, 3P 18.18 eV [268]
CS + O+ X1Σ+, 4S 20.46 eV
Neutral reaction pathways
CO + S X1Σ+, 3P 3.29 eV [269]
CS + O X1Σ+, 3P 6.85 eV [270]
C + S + O 3P , 3P , 3P 14.28 eV [267,270]

(16.6 eV for Ne(3P2) and 16.7 eV for Ne (3P0)) and the present collision energy of
0.3 eV. Table 5.1 gives only the most relevant ionic and neutral reaction channels and
does not display reaction channels to products with higher excited electronic states.
For a complete list please refer to Ref. [262]. In the current experiments, no ionisation
laser was used and hence only the ionic reaction products could be analysed with the
TOF-MS method, while the products of neutral channels were not detected.
The associative ionisation product at m/--z =80 u was not observed, but it can-

not be ruled out that part of the signal at m/--z =60 u is due to predissociation
of a weakly bound AI complex. Previous studies have shown that the formation
of the associative ionisation complex strongly decreases with increasing collision en-
ergy [46,128,238,271–273]. Furthermore, in case of molecular co-reactants vibrational
or rotational excitation of the ionic collision complex further reduces the formation of
stable associative ions by their predissociation into the according Penning-ionisation
product [235,239]. This finally results in overall less formed AI complexes for molecular
collision partners even at lower collision energies [46, 235]. Therefore, for the present
collision energy of 0.3 eV we expect the contribution of the AI pathway to be negligible.
In the current setup using only TOF mass spectrometry, it is not possible to distin-
guish if OCS+ is generated by direct Penning ionisation or through predissociation of
a short-lived associative ionisation complex. This distinction should become possible
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in the near future by the implementation of an ion-electron coincidence VMI detector.
The small Ne+ signal in the spectrum is attributed to intra-beam Ne*-Ne* Penning
ionisation which is also present in the background experiment with only the Ne* beam
(grey inverted trace in Fig. 5.3). Moreover, the Ne+ signal did not decrease when the
Ne beam was overlapped with the OCS expansion suggesting that possible ion-molecule
reactions Ne+ + OCS do not play a major role under the present conditions.

5.3.3 Chemi-ionisation reaction of Ne* with rotational-state se-
lected OCS

The chemical reactivity of the different rotational states of OCS was probed by overlap-
ping different parts of the deflected OCS beam with the Ne* expansion in the collision
chamber. TOF mass spectra of ionic reaction products were recorded for different tilt-
ing angles of the OCS molecular beam setup while keeping the position of the Ne* beam
fixed. Reaction-deflection profiles for both the Penning- and dissociative-ionisation
products were obtained by plotting the integrated TOF signals of the products as a
function of the deflection coordinate y. These profiles reflect the chemical reactivity
of OCS in the distribution of rotational states varying across the deflected beam. The
raw profiles for the reaction products from the Penning- and dissociative-ionisation
channels obtained with both undeflected and deflected molecular beams are displayed
in Figure 5.4a. The according normalised profiles are shown in Figure 5.4b. The profile
of the dissociative-ionisation product was corrected for a small background signal at
the same mass-to-charge-number ratio m/z = 32 u originating from Penning ionisation
of trace molecular oxygen in the background vacuum which does not vary as a function
of the deflection coordinate.
The undeflected profiles of the Penning-ionisation and dissociative-ionisation products,
in which the individual rotational states of OCS were not spatially separated, overlap.
By contrast, a clear shift between the Penning-ionisation and dissociative-ionisation
products was observed for the reaction profiles corresponding to the deflected beams.
We attribute these differences to different reaction probabilities of individual rotational
states in the two reaction pathways.
Qualitatively, the effect of the rotational states of OCS on the reactivity on the dif-
ferent reaction pathways can be seen from the shift in the reaction-deflection profiles
shown in Figure 5.4. Quantitatively, the contribution of each rotational state to the
Penning- and dissociative-ionisation reaction-deflection profiles was determined by fit-
ting a weighted sum of state-specific simulated profiles to the experimental data. In
these fits, the properties of the molecular beam were fixed to the values obtained from
fits of simulations to the fs-laser deflection profiles (see Sec. 5.3.1) and only the weights
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Figure 5.4 (a) Raw and (b) normalised chemi-ionisation reaction-deflection profiles of
OCS + Ne* recorded for the Penning-ionisation (PI) and dissociative-ionisation (DI)
products obtained with deflected and undeflected beams. The error bars represent the
standard error of 15 individual traces in which each data point was averaged over 1000
experimental cycles. In the normalised data a clear shift of the profiles associated with
the PI and DI products is visible when the OCS molecules in different rotational states
are spatially separated by the deflector (red and blue data points). The different shifts
of the PI and DI product profiles are attributed to different reactivities of individual
rotational states in the two reaction pathways. In clear contrast, for the profiles asso-
ciated with the PI and DI products in the experiments with undeflected beams (black
and grey data points) no shift is visible [111]. Dashed lines are only drawn to guide
the eye.

of the individual rotational profiles in the sum was adjusted. Furthermore, as the beam
waist of the fs-laser focus (w ≈ 30 µm) is much smaller than the width of the Ne* beam
(d ≈ 1.5 mm), the different sampling volumes in the fs-laser ionisation and reaction
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experiments were taken into account in the simulations (for details see Sec. 4.3.4). The
resulting larger ionisation volumes causes slightly different shapes of the simulated
reaction-deflection profiles due to averaging effects, which are fully understood as in
greater detail described in Section 4.3.4.
Comparison of the laser-deflection profile with trajectory simulations in Section 5.3.1
showed that in the initial molecular OCS beam rotational states associated with J=3
or higher were barely populated and hence can be neglected. Therefore, in the follow-
ing analysis only rotational states up to a total angular quantum number of J=2 were
considered, which still resulted in six relevant state-specific simulated deflection profiles
(|00〉 , |10〉 , |11〉 , |20〉 , |21〉 , |22〉 for |JM〉). Considering all of these deflection profiles
by giving them individual weights during the fitting procedure led to overfitting of the
experimental data and did not provide meaningful results. It was thus necessary to re-
strict the number of independent fitting parameters. Considering that any orientation
imparted by the field of the deflector should dephase during the transit over 45 cm
from the exit of the deflector assembly [274], it can be assumed that all OCS molecules
are isotropically oriented in the scattering region. Therefore, all M states associated
with a specific rotational state J were weighted with a degeneracy factor gM = 1 for
M = 0 and gM = 2 for M > 0 in the fit. This permitted to reduce the number of
independent parameters to three weights for the simulated deflection profiles for J=0,
1, and 2, which were constructed by summing the M -state-specific deflection profiles
according to their degeneracy factor. The fitting procedure is described in greater de-
tail in Appendix B.1. The results of this analysis are shown in Figure 5.5.
As can be seen from the relative fitted weights of the different rotational states to

the Penning- and dissociative-ionisation reaction-deflection profiles in the insets of Fig-
ures 5.5a and 5.5b, the individual states contribute with different efficiencies to the
Penning- and dissociative-ionisation pathways. From the relative weights (wJ ,DI and
wJ ,PI), a ratio between the contribution of the dissociative- and the Penning-ionisation
reaction pathway RJ for each rotational state with quantum number J was calculated
to be

R0 = w0,DI/w0,PI = 1.48(5),

R1 = w1,DI/w1,PI = 0.57(13),

R2 = w2,DI/w2,PI = 0.20(58).

(5.3)

The same analysis was done for the raw data before normalisation (see Appendix B.1).
In this case, the ratios also include the overall state-independent branching ratio (BR)
of dissociative to Penning ionisation, which was determined to be DI/PI = 2.5 (see
Sec. 5.3.2). The ratios of the Penning- and dissociative-ionisation pathway for each
J-state including the branching ratio RJ ,BR calculated from the relative fitted weights
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Figure 5.5 Least-square fits of state-specific simulated reaction-deflection profiles to
the experimental data for (a) the Penning- and (b) the dissociative-ionisation products
[111]. Only the rotational states J = 0, 1, 2 significantly populated in the molecular
beam were taken into account (see inset in Figure 5.2). Insets: Relative fitted weights
of the individual rotational states (J) of OCS contributing to the reaction-deflection
profiles. The uncertainties represent the fit errors.

of the raw deflection profiles are then given by

R0,BR = 3.77(9),

R1,BR = 1.44(21),

R2,BR = 0.52(99).

(5.4)

In a final step, it was possible to calculate the relative reactivity of the J=0 and J=1-
states for the different reaction pathways. This ratio is independent of the overall
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branching ratio and is given by
R0

R1

=
R0,BR

R1,BR
= 2.6(6). (5.5)

This value needs to be corrected for the initial thermal populations of J=0 and J=1
in the molecular beam, which was determined by the trajectory simulations in Sec-
tion 5.3.1 to be 0.44/0.45 = 0.95. Overall, it can then be said that OCS molecules in
the rotational ground state J=0 are about a factor 2.7(6) more reactive in dissociative
ionisation (yielding S+) than in Penning ionisation (producing OCS+) in comparison
to the J = 1 state.
All uncertainties only represent the fit errors. Please note especially the large uncer-
tainties for the ratios associated to the J=2-quantum state. Due to the small initial
population in the molecular beam of molecules with J=2-rotational states, their im-
pact on the different chemi-ionisation reactions could not be determined with a higher
accuracy.
The above results originate from a fitting procedure, which assumes that molecules in
rotational state with the same J but different values for M have the same reactivity
towards the chemi-ionisation reaction with neon. Although this does not have to be
true, this assumption had to be made to prevent overfitting of the experimental data.
To validate the results given above, an alternative approach was taken to reduce the
degrees of freedom in the fitting procedure. Instead of fixating the M -dependent de-
generacy, in the second approach all molecules in rotational states associated with the
total angular-quantum number J=2 were neglected. This is a reasonable assumption
considering that the relative population of molecules in the J=2-rotational state was
determined to be less than 10 % in the molecular OCS beam, as was determined from a
comparison of the laser deflection-profile to trajectory simulations in Section 5.3.1. In
contrast to the previous approach, this fitting procedure used independent fit weights
for the deflection profiles of the |10〉 and |11〉 and hence allowed an individual contri-
bution of these states. The results obtained by this alternative fitting procedure are
very similar to the fit weights determined assuming a fixed M -dependent degeneracy
and hence validate the above results (see Appendix B.2).

5.4 Discussion

The above experimental results provide clear evidence of an increased reactivity of
molecules in the rotational ground state towards dissociative ionisation compared to
molecules in the rotational states associated with J=1. This section aims to provide
a first attempt towards a qualitative explanation of the observed experimental phe-
nomena. At the moment of this writing, the exact reaction mechanism leading to
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the observed different reactivities for different rotational states is still unknown to the
author and hence it has to be stressed that the following is only a very preliminary
proposal for understanding the underlying atom-molecule interactions based on previ-
ous studies of similar reaction systems.
As described in the introduction, the chemi-ionisation proceeds via two distinct reaction
mechanisms, the indirect radiative mechanism predominating at subthermal conditions
and the direct exchange mechanism prevailing at thermal collisions [128,224–227,229].
For the relative high collision energy of the experimental collision data presented here
(Ecol = 0.3 eV), it can be expected in a first assumption that the reaction pro-
ceeds primarily via the exchange mechanism. In this case, the orbital overlap be-
tween the metastable rare gas atom and the molecular orbitals should play an im-
portant role and a strong geometrical dependence on the reaction outcome can be
expected [129, 227, 247–258]. Previous studies on the chemi-ionisation reaction of
metastable neon with ammonia showed that stereo-dynamic effects strongly impact
if the reaction proceeds via the Penning ionisation or the dissociative ionisation path-
way. Ionisation caused by an electron exchange from a molecular orbital associated
with the lone pair of NH3 led to the Penning ionisation product (NH3

+), while re-
movable of the electron from an N-H bonding orbital resulted into the dissociative
ionisation products NH+

2 and H [231, 247, 275]. A similar mechanism can be expected
to govern the interaction of the present system Ne* + OCS.
As can be seen from Table 5.1, the ionic states of OCS energetically available in a
chemi-ionisation reaction with metastable neon are the X2Π, A2Π and B2Σ+ elec-
tronic states. Previous experiments investigating the reaction of He* + OCS using
Penning ionisation electron spectroscopy (PIES) showed that the Penning ionisation
reaction predominately populates the electronic X2Π and B2Σ+ states, whereas the
A2Π is not appreciably populated [260, 263]. The results are very similar when neon
was used as the metastable co-reactant [259]. Therefore, the A2Π-state will be ne-
glected in the following qualitative discussion, but surely it needs to be considered for
a complete future analysis.
A previous study using photoelectron-photoion coincidence (PEPICO) spectroscopy
on the dissociative ionisation of OCS at a photon energy of 21.21 eV showed that sta-
ble OCS+ ions are almost exclusively formed via the ionic ground state X2Π, while
only a small fraction of stable OCS+ could be assigned to the A-state [276]. The
same study showed that OCS+ ions in the B2Σ+ state exclusively dissociate form-
ing S+ ions and CO. Similar results regarding the dissociative characters of the elec-
tronic states of OCS+ were shown by theoretical [277–279] and experimental studies
[277, 278, 280–286]. Furthermore, although strongly vibrationally excited OCS(X2Π)+

can dissociate as well [284], it can be seen from Penning ionisation electron spectra pre-
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sented in Ref. [259,263] that by the chemi-ionisation reaction of OCS with He* only low
vibrational states of the X2Π are populated on the grounds of Franck–Condon factors.
Therefore, for the context of this discussion, it can be assumed that the ionic ground
state is stable and hence leads to the formation of the Penning ionisation product
OCS+. Contrary, OCS+ ions in the electronic B2Σ+ state dissociate, finally resulting
in the reaction products S+ and CO [279,284].
The PIES data for He* + OCS also showed that the B2Σ+ state is more strongly
populated than the ionic ground state [259, 260, 263]. Assuming that the B2Σ+ state
is predominately dissociative while the X2Π is stable, the chemi-ionisation reaction is
then expected to yield more dissociative-ionisation products than Penning ions. This
qualitatively agrees with the observed experimental state-independent branching ratio
of OCS+ : S+ = 1 : 2.5.
To include possible stereo-dynamic effects of the reaction, it is necessary to examine
the relevant molecular orbitals of OCS associated to the ionic states. Molecules in the
ionic ground state X2Π and the excited B2Σ+ state are formed by ionisation from the
3π and 9σ orbitals, respectively [264]. The electron density of these orbitals was cal-
culated previously by Ohno and co-workers in the context of investigating the Penning
ionisation reaction of OCS with metastable helium [263,264]. For a visualisation of the
electron densities of the relevant orbitals please refer to Ref. [264]. In general, it can be
said that the electron distribution of the 3π orbital is predominately located around the
carbon and sulphur atom with large regions extending in the perpendicular direction
to the C=S double bond. Contrary, the electron distribution of the 9σ orbital is mainly
located along the molecular bond axis. A perpendicular approach of the neon atom
with respect to the molecular bond axis should favour an ionisation of OCS in the ionic
ground state, whereas an approach along the bond axis should lead to the formation
of OCS+ in B2Σ+. Therefore, by purely looking at the involved ionic states and the
spatial arrangement of the associated molecular orbitals, a strong steric dependency
of the different reaction pathways can be expected. A perpendicular approach should
favour the formation of the Penning ion OCS+, whereas an approach along the bond
axis has an increased probability of resulting in the dissociative ionisation products S+

+ CO.
The central question then remains why molecules in different rotational states posses
different reactivities towards the Penning and dissociative ionisation pathways. This
has to our knowledge not yet been studied for a comparable chemi-ionisation systems as
investigated here. Therefore, it can only be speculated that different rotational states
lead to different directional approaches between the molecule and the metastable neon.
The interactions in the system are represented by the potential energy surface, which
was calculated by Patrik Straňák using the analytical approach developed by Pirani
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Chapter 5. Chemi-ionisation reaction of Ne* + OCS

and coworkers [227, 248, 252, 253, 256, 287]. It assumes that at long intermolecular dis-
tances the metastable neon atom has a strong isotropic character, similar to that of
an alkali atom, whereas at intermediate till short intermolecular distances the neon
atom undergoes a strong polarisation of its highly excited 3s-electron cloud. The po-
larised neon atom features an ionic core, which can be described by assigning it a
partial charge. The analytical model used takes all relevant intermolecular forces into
account, including the dispersion, induction and van der Waals interactions, the at-
traction between the effective charge of the polarised neon atom and the molecular
multipoles as well as small charge-transfer and electrostatic contributions. For details
about the theory please refer to Refs. [227, 248, 252, 253, 256, 287] and for a detailed
description of its application to the Ne* + OCS case, as presented here, see the dis-
sertation of P. Straňák [142]. The resulting potential energy surface of OCS + Ne* is
given in Figure 5.6.
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Figure 5.6 Analytical potential energy surface (PES) for the reaction of OCS + Ne*
calculated by P. Straňák [142] based on a model described in Refs. [227, 248, 252, 253,
256,287]. (a) Colour map of the PES in Cartesian coordinates. The labels indicate the
positions of the atoms in the OCS molecule. Potential energies above +100 meV are
not shown for clarity. The black arrows indicate the position of the missing attractive
potential well at the sulphur side, which was observed for the reaction of He* + OCS
[264], but which could not be reproduced by the analytical approach used here. (b)
Interaction potential energy curves as function of the intermolecular distance between
Ne* and OCS for several directional approaches as indicated in the inset of the figure:
Linear approach towards the oxygen atom (red), perpendicular approach (blue) and
linear approach towards the sulphur atom (yellow).

Qualitatively, the analytical PES surfaces for Ne* + OCS presented in Figure 5.6a
agrees well with the interaction calculated for the reaction of He* + OCS presented in
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Ref. [264], which was calculated ab-initio utilising the chemical resemblance between
He*(2s) and Li(2s). Only a weak attractive potential well positioned perpendicular to
the molecular axis at the sulphur side, which originates from the degenerate nonbonding
3p orbitals extending around the C=S axis, could not be reproduced by the analytical
model used here, even though it should also be present in the Ne* + OCS reaction.
The approximate position of this potential well is indicated in Figure 5.6a by the black
arrows. Furthermore, it has to be mentioned that it still remains to be seen in how
far the given PES is also quantitatively accurate, as some properties, e.g. the size of
the assumed partial charge on Ne*, could only be estimated by comparing the present
reaction to similar systems reported in the literature.
In the context of the theory developed by Pirani and coworkers, it might be speculated
that in the entrance channel of the reaction the polar character of the OCS molecule
introduces a strong polarisation of the metastable neon atom, similar to what was
observed before in the reactions of Ne* + N2 [257, 288], Ne* + H2O [249] and Ne* +
NH3 [253]. The resulting ionic core of the polarised Ne* atom would then generate a
pronounced electric field, whose interaction with the electric multipoles of OCS would
cause a re-orientation of the molecular axis towards a linear approach direction. The
efficiency of this orientation would strongly hinge upon the effective dipole moment of
the OCS molecule, which again depends on the initial rotational state. In this picture,
molecules in the J=0 rotational state would undergo the strongest orientation in the
entrance channel favouring a linear approach of the neon along the molecular axis.
Such an approach would prefer the ionisation via the 9σ orbital leading towards the
dissociative B2Σ+ state. The orientation efficiency should decrease for molecules in
higher rotational states with smaller effective dipole moments, resulting in a higher
probability for perpendicular approaches of the neon in respect to the molecular axis.
This would increase the overlap of the inner-shell vacant orbital of the metastable atom
with the 3π-molecular orbital of OCS. Hence, for molecules in higher rotational states
the formation of OCS+ in the ionic ground state X2Π and therefore also the formation
of the Penning ionisation product would be increased.
It has to be noted that such orientation effects should be in particular present for
molecular interactions at low collision energies and in how far these effects play a role
for the current experiments remains to be seen. Currently, ab-initio quantum-state
calculations are being performed which should help to understand the precise nature
of the chemi-ionisation reaction of Ne* + OCS.
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5.5 Conclusion & Outlook

The results presented in this chapter demonstrate the utility of the novel crossed-
molecular-beam setup to isolate individual rotational states of a molecule and study
their reactivities in a bimolecular reaction. In the chemi-ionisation reaction of OCS
with metastable neon, the Penning ionisation product (OCS+) and the dissociative ion-
isation channel yielding S+ were detected with a state-independent branching ratio of
1:2.5. The associative ionisation product was not observed. Investigating state-specific
reactivities by separating different rotational states using inhomogeneous deflection
fields showed that molecules in the rotational ground-state state have a higher reac-
tivity towards the dissociative ionisation pathway than molecules in rotational states
associated with J=1. Thus far, the details of the underlying reaction mechanism still
remain unknown, but it can be speculated that the observed different reactivities of
the individual rotational states are due to strong steric effects caused by different ge-
ometrical overlaps of relevant atomic and molecular orbitals, which play an important
role in the exchange mechanism of chemi-ionisation reactions.
To further unravel the mechanistic details of the molecular interactions, it would be
beneficial to gain additional information of the reaction products as well as possible
reaction intermediates. This will become possible in the near future by the implemen-
tation of an ion-electron coincidence VMI detector into the current setup, which should
enable simultaneous imaging of both the ionic reaction products and the emitted elec-
trons. This should provide additional information about the involved ionic states in
the reaction process and by that clarify the underlying reaction mechanism.
Furthermore, in the chemi-ionisation reaction experiments presented here no ionisa-
tion laser was used and hence the neutral reaction channels given in Table 5.1 could
not be observed. Investigating these reaction pathways might be very interesting as it
will increase the overall understanding of the atom-molecule interactions. In possible
follow-up experiments, ionisation of the neutral reaction products could be done by
the radiation of a femtosecond laser. This universal ionisation approach should yield
sufficient experimental signal levels, but has the inherent drawback that the femtosec-
ond laser would ionise and photodissociate neutral OCS molecules originating from
the molecular beam. The resulting fragment ions in the spectrum would be difficult to
distinguishing from the reaction products of the different chemi-ionisation pathways. A
neater solution would be to ionise a specific neutral fragment, e.g. the CO-fragment, by
resonance-enhanced multi-photon ionisation (REMPI). This method would be (almost)
background free and has the additional advantage of being a state-specific detection
technique. The downside of this technique is that the reaction products will be in-
ternally excited and with a narrow laser using REMPI only molecules in a specific
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quantum-state can be detected simultaneously. This would significantly reduce exper-
imental signal levels compared to using the radiation of a femtosecond laser, in which
products in all states can be detected simultaneously. This drawback could be partially
alleviated by using REMPI for atomic reaction products, which can only be excited to
other electronic states. However, even then the detection efficiency of REMPI would
be significantly smaller compared to the one achieved using a universal ionisation tech-
nique. If enough signal levels in experiments using state-specific detection can be
obtained in the current setup, still remains to be seen.
The ability of the current setup to also investigate different reactivates caused by differ-
ent geometrical structures of significant larger molecules is demonstrated in the next
chapter on the example of the conformer-specific chemi-ionisation reaction of trans-
and cis-hydroquinone with metastable neon.
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6
Conformationally-resolved chemi-
ionisation reaction of Ne* + HYQ

Understanding the impact of molecular structure on the outcome of chemical reactions
is a main objective in chemistry. In this chapter, the capability of the new crossed-
molecular-beam setup to investigate conformational effects in bimolecular reactions un-
der single-collision conditions is demonstrated with the example of the chemi-ionisation
reaction of trans- and cis-hydroquinone with metastable neon. During these experi-
ments, it was observed that formation of the dissociative-ionisation products was (al-
most) independent of the initial conformational and rotational state of the interacting
hydroquinone molecule, while the reactivity towards forming the Penning ion (HYQ+)
seems to be conformational and rotational-state dependent. The reaction product of
the associative-ionisation pathway was not observed.1

6.1 Introduction

The chemical structure of molecules strongly effects intermolecular interactions and
chemical reactivity [289]. The importance of chemical structure becomes especially
evident for biologically active molecules, whose proper functioning is crucially depen-
dent on their correct geometrical shape [290, 291]. Even on smaller scales, molecular
conformers are among the dominant forms of structural isomers. Thermal intercon-
version of conformers, i.e. the adiabatic transition from one conformational state to
another, imposes great experimental challenges in performing conformation-dependent
experimental studies as it makes the isolation and control of a single conformer an

1I acknowledge P. Straňák and Dr. N. Deb for participating in the experimental data acquisition
leading to the laser- and reaction-deflection profiles presented in this chapter.

111



Chapter 6. Chemi-ionisation reaction of Ne* + HYQ

ambitious task. This is especially true for molecular rotamers with small interconver-
sion barriers. Due to these experimental difficulties, the precise impact of molecular
conformers on chemical reactions is still poorly understood and so far only a small
number of experimental studies under single-collision conditions investigating the im-
pact of conformational effects on chemical reactivity in bimolecular collisions have been
reported [292–294].
The experimental obstacles caused by the interconversion of conformers can be over-
come by utilising the single-collision and low-temperature environment of supersonic
beams, which efficiently suppresses thermal interconversion. Combining a supersonic
expansion with the strong inhomogeneous electric field of an electrostatic deflector al-
lows then preparation of molecules in specific conformational states depending on the
different permanent dipole moments of the individual conformers [60, 74, 78, 79]. The
resulting molecular beam of spatially separated conformers provides the ideal starting
point to perform controlled, conformer-selective reaction experiments. This was demon-
strated before in our laboratory for ionic reactions of trans- and cis-3-aminophenol with
trapped Ca+ ions [84, 85] and the cycloaddition reaction of gauche- and s-trans-2,3-
dibromo-1,3-butadiene with sympathetically cooled propene ions [87], both revealing
strong differences in the conformer-specific reactivities.
Here, the capability of the new crossed molecular beam setup to study the reactivity
of individual conformers in neutral reactions is demonstrated on the chemi-ionisation
reaction of metastable neon with the two conformational isomers of hydroquinone.
Hydroquinone is the para-regioisomer of dihydroxybenzene (C6H4(OH)2) and has an
ionisation energy of 7.93 eV [295]. Hydroquinone is especially interesting from a fun-
damental point of view, because the rotation of the hydroxyl group around the bond
with the benzene ring is inhibited, which gives rise to the apolar trans- and the polar
cis-conformer (µB,cis = 2.38 D). This allows spatial separation of trans- and cis-HYQ
by electrostatic deflection [206]. Investigating the specific reactivities of each conformer
enables a direct comparison of two structural isomers with significantly different per-
manent dipole moments.
To our knowledge, the chemi-ionisation reaction of HYQ with a metastable rare gas
atom was not yet investigated in a gas-phase collision experiment. But studies of
Penning ionisation electron spectroscopy (PIES) with similar systems such as phe-
nol [296], p-benzoquinone [297], aniline [296], thiophenol [296], and benzene [298] as
well as dichlorobenzenes [299] and difluorobenzenes [300] have been reported, all show-
ing strong anisotropies in the potential energy surface (PES) of the chemi-ionisation
reaction with metastable helium.
The chemi-ionisation reaction of Ne* + HYQ can proceed via different reaction path-
ways resulting in the formation of the Penning (HYQ+) and associative ion (NeHYQ+)
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as well as several dissociative ionisation products. As was described in the previous
chapter, chemi-ionisation reactions proceed under thermal- and hyperthermal condi-
tions predominantly via the direct exchange mechanism, which is contingent on suffi-
cient overlap between the involved atomic and molecular orbitals and hence is strongly
sterically dependent. Therefore, it can be expected that the outcome of the reaction
should differ depending on the conformational state of the reactant. This is investigated
in the following experiments.

6.2 Experimental setup

The novel crossed-molecular-beam apparatus has been described in detail in Chap-
ter 3. A schematic illustration of the experimental setup used to investigate the
chemi-ionisation reaction of conformer-selected HYQ with metastable neon is given
in Figure 6.1. A molecular beam of hydroquinone was generated by placing a sample
of HYQ (Sigma Aldrich, > 99 %) in the sample cartridge of a heatable Even-Lavie
valve from which it was co-expanded with 90 bar of helium. The Even-Lavie valve
with the sample catridge was heated to a temperature of Tvalve = 150 °C to increase
the vapour pressure of HYQ. This temperature was chosen as a compromise between
sufficient signal levels and obtaining a cold molecular beam suited for electrostatic
separation of the conformers (for details see Sec. 4.4.2). The resulting molecular beam
contained both rotamers of HYQ in an approximately equal ratio of 51:49 (trans :cis)
according to the Boltzmann factor at the valve temperature (see Sec. 4.1.3). The beam
containing both HYQ conformers was guided through the inhomogeneous field of the
electrostatic deflector, which resulted in a spatial separation of the the apolar trans-
and the polar cis-conformer as indicated schematically in Figure 6.1. As the degree
of deflection is determined by the interaction of the electric field with the effective
dipole moments of HYQ molecules in certain rotational states, not only a separation
of the different conformers was achieved, but also a spatial segregation of molecules in
different rotational states along the deflection coordinate y.
The deflected beam of HYQ molecules was crossed with a beam of metastable neon
atoms in the (2p53s) 3P2 and 3P0 states, which was generated in a supersonic expansion
of neon gas (stagnation pressure 45 bar) through a pulsed plate-discharge source.
Different parts of the deflected beam, containing unique compositions of HYQ rotamers
in different rotational states, were overlapped with the second molecular beam in the
collision region by tilting the HYQ molecular-beam setup with respect to the collision
chamber. The resulting ionic reaction products were analysed by a time-of-flight
mass spectrometer. This allowed the investigation of conformer- and state-specific
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Figure 6.1 Schematic of the experimental setup used for studying the chemi-ionisation
reaction of hydroquinone with metastable neon. The Even-Lavie valve was heated to
Tvalve = 150 °C to reach sufficient beam densities. The electrostatic deflector allowed
spatial separation of the trans- (blue dots) and cis-rotamers (red dots) of HYQ as
schematically illustrated by the red and blue dots, respectively. After crossing the
HYQ beam with an atomic beam of metastable neon atoms (green dots), the re-
sulting product ions were detected by a time-of-flight mass spectrometer. This al-
lowed the identification of the dissociative-ionisation (DI), Penning-ionisation (PI) and
associative-ionisation (AI) reaction products. Different parts of the deflected HYQ
beam could be overlapped with the metastable neon beam in the collision region by
tilting the HYQ molecular-beam setup with respect to the collision chamber. Charac-
terisation of the deflected molecular beam was possible by ionising the neutral HYQ
molecules by femtosecond-laser radiation.

reactivities towards the different reaction pathways of the chemi-ionisation reaction of
HYQ with metastable neon. The collision energy of the chemi-ionisation reaction was
determined to be approximately 0.5 eV.
For analysis purposes, the deflected molecular beam was also multi-photon ionised
by the radiation of a femtosecond laser. The resulting laser-deflection profile then
allowed together with Monte-Carlo trajectory simulations the characterisation of the
composition at different spatial positions of the beam.
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6.3 Results & Discussion

6.3.1 Spatial separation of trans- and cis-HYQ

The principle of electrostatic deflection enabling the spatial separation of rotational
states and conformers depending on their effective dipole moments was extensively de-
scribed in Chapter 4, which also contains an in depth explanation of the Monte-Carlo
simulations used to trace the trajectories of molecules passing through the deflection
setup.
An experimental beam-density profile of a beam of HYQ molecules passing through a
deflector carrying a potential difference of 35 kV is given in Figure 6.2a. The profile was
obtained by integrating the TOF mass peak of photoionised HYQ+ for different tilting
angles of the molecular beam setup, in which the degree of deflection was measured as
function of the deflection coordinate y, which represents the offset from the centre of
the undeflected beam.
Although the detection technique used was not specific to the two conformational
isomers, matching the Monte-Carlo trajectory simulations to the experimental data
allowed an unambiguous determination of the deflection profiles for each individual
conformer. This direct comparison revealed a clear spatial separation of the strongly
deflected cis-rotamer from the apolar and hence undeflected trans-conformer. A simi-
lar separation for the two structural isomers of HYQ was confirmed previously using a
conformer-specific detection technique [206]. When no potential difference was applied
to the deflector, the beam-density profiles of both conformers spatially overlapped as
shown in the inset of Figure 6.2a.
The degree of archived deflection does strongly depend on the effective dipole mo-

ment of the manipulated HYQ molecules, which not only differs for its trans- and cis-
conformation but also strongly depends on its rotational state. Trans-HYQ features no
permanent dipole moment and hence no separation for molecules in different quantum
states can be achieved. This is in clear contrast to molecules exhibiting a cis-geometry
for which the effective dipole moment varies with the rotational state of the molecule,
resulting in different deflection profiles for molecules in different rotational states. This
is demonstrated by state-specific deflection profiles for all relevant populated states
summed over J in Figure 6.2b. In general, molecules in rotational states associated
with a smaller total angular momentum J have a larger effective dipole moment for
experimentally relevant field strengths and were deflected more strongly (for details
please refer to Section 4.4.2). The interaction of HYQ with the inhomogeneous electric
field of the deflector thus resulted not only in a spatial separation of both structural
isomers, but for the cis-rotamer also a segregation along the deflecting coordinate of
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Figure 6.2 Experimental deflection profile of HYQ obtained after multi-photon ionisa-
tion. The experimental data was reproduced by Monte-Carlo trajectory simulations for
the trans- and cis-rotamers, assuming a rotational beam temperature of Trot =1.7 K.
The inset shows the overlapping profiles of both conformers from an undeflected HYQ
beam. The error bars represent the standard error of three individual measurements in
which each data point was averaged over 2000 experimental cycles. (b) Contribution
of the state-specific deflection profiles summed over quantum states with the same an-
gular momentum quantum number J towards the deflected cis-conformer. For clarity,
all profiles are magnified by a factor 3. (c) Relative populations of all quantum-states
summed over J for Trot =1.7 K.

molecules in different rotational states was achieved. Matching the simulated deflection
curves of trans- and cis-HYQ, which are averages of individual state-specific deflection
profiles, to the experimentally obtained data allowed assigning a rotational temper-
ature of Trot =1.7 K to the expanded molecular HYQ beam. The resulting relative
populations of all quantum states summed over J are given in Figure 6.2c.
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6.3.2 Time-of-flight mass analysis of Ne* + HYQ

The chemi-ionisation reaction was investigated by overlapping the molecular beam of
HYQ with an atomic beam of metastable neon. Time-of-flight mass spectrometry was
performed by simultaneously extracting the ionic reaction products towards a time-
sensitive detector by pulsed electric fields (see Sec. 3.5.2). A typical resulting time-of-
flight mass spectrum of the chemi-ionisation reaction of Ne* with undeflected HYQ is
shown in Figure 6.3.
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Figure 6.3 Time-of-flight mass spectrum of products of the chemi-ionisation reaction
of Ne* + HYQ. Intensities are normalised with respect to the strongest signal. The
trace corresponding to the background experiment without the HYQ beam was inverted
for clarity. Besides various peaks caused by Penning ionisation of background gases
at smaller m/--z-ratios, the Penning ionisation product (HYQ+) and various different
dissociation fragments, labelled in roman numbers, are indicated in the spectrum.
The different fragments are assigned in Table 6.1. The associative-ionisation product
NeHYQ+ was not observed.

Besides the Penning ionisation product (HYQ+) at a mass-to-charge-number ratio
of m/--z =110, various ionic reaction products from the dissociative-ionisation pathway,
labelled by Roman numbers, can be observed in the spectrum. The associative ion
(NeHYQ+) was not detected within the sensitivity limits of the present measurement.
Considering that earlier studies showed that the probability for the formation of the
associative complex decreases with higher collision energies [46, 128, 238, 271–273], the
lack of the associative ion in the spectrum was expected for the current collision energy
of 0.5 eV. Still, it has to be mentioned that with the present experimental setup it is
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Chapter 6. Chemi-ionisation reaction of Ne* + HYQ

not possible to distinguish if the HYQ+ signal exclusively originates from the Penning
ionisation reaction or also partially from predissociation of an unstable associative-
ionisation complex. Although unlikely, in this case the reaction-deflection profile of
HYQ+, which is given in the next section, would be a superposition of the Penning-
and associative-ionisation pathway.
The peaks at smaller mass-to-charge-number ratios could be assigned to Penning ioni-
sation of trace gases in the background vacuum (H2O+, N2

+, O2
+). The spectrum also

displays signals for Ne+ and Ne+
2 , which can be attributed respectively to intra-beam

Penning and associative ionisation between two metastable neon atoms. Both signals
were already present in the trace of the background measurement (grey trace) with
only the Ne* beam and did not change after overlapping it with the HYQ beam, which
suggests that the ion-molecule reaction Ne+ + HYQ can be neglected under the present
experimental conditions.
The fragment ions stemming from dissociative ionisation in the spectrum could be
identified based on their mass-to-charge-number ratio and using earlier studies on pho-
todissociation of hydroquinone vapour [301], negative-ion mass spectrometry [302] and
laser-induced photoionisation followed by TOF-MS [303]. Based on these references,
the proposed reaction products for the signals observed in Figure 6.3 are summarised
in Table 6.1 together with the experimentally determined branching ratios of the indi-
vidual reaction channels.

Table 6.1 Products and branching ratios of the chemi-ionisation reaction of Ne* +
HYQ

Label Reaction products Mass of ionic product (u) Branching ratio

PI C6H6O+
2 110 1

I
C5H6O+ + CO 82

0.61(4)
C5H5O+ + HCO 81

II C5H+
4 + CO + H2O 64 0.04(1)

III
C3H3O+ + C3H3O 55

0.43(3)C3H2O+ + C3H4O 54
C3H1O+ + C3H5O 53

IV C3H+
3 + C2H3O + CO 39 0.12(1)

The branching ratios were determined by integrating the according signals in the
TOF mass spectrum and are normalised for the value of the Penning ionisation prod-
uct. The branching ratio of the Penning-ionisation pathway to the sum of all pathways
assigned to dissociative ionisation was determined to be PI : DI = 1 : 1.2(1). Error
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6.3. Results & Discussion

bars represent the standard error of 6 individual measurements averaged over 10.000
experimental cycles. Please note that in Figure 6.3 also a small signal at m/--z = 109

can be observed, which originates from the dissociation of a single hydrogen atom
from HYQ. This peak is not well resolved from the much larger peak associated with
HYQ+, which does not allow for a separate analysis by integration. Therefore, this
dissociative-ionisation channel was not further investigated.
While analysing the data, it has to be considered that fragmentation of hydroquinone
molecules could already take place in the heated gas nozzle or during the expansion
process. For this purpose, the molecular beam of HYQ was analysed by TOF mass
spectroscopy after general ionisation using a femtosecond laser. The resulting spec-
trum showed indeed signals for all ionic dissociation products given in Table 6.1 and
furthermore also signals for the fragment ions C2H+

2 (m = 26 u), C2H+
3 (27 u), C2H+

4

(28 u), CO+ (28 u) and HCO+ (29 u) (see Appendix C), which were not observed
in the chemi-ionisation reaction with metastable neon. The deflection profiles of all
dissociation fragments (I-IV) obtained after photoionisation using a femtosecond laser
showed exactly the same deflection behaviour as the photoionised HYQ+ molecule (see
Appendix C). This would not be the case if these fragments would already have been
present in the initial molecular beam, because then the different dipole moments of the
different fragments should have led to different deflection profiles. Contrarily, the same
deflection behaviour for all fragments strongly indicates that the observed fragments are
produced by photodissociation of the common precursor HYQ and that the molecular
beam of HYQ is devoid of possible fragments. Further investigation of possible HYQ
clusters showed that the HYQ beam consisted out of more than 97 % of monomers and
that eventual molecular cluster contributions are negligible (Appendix C). Therefore,
all fragments observed in the TOF-MS trace in Figure 6.3 can be assigned to products
of the chemi-ionisation reaction of Ne* + HYQ.

6.3.3 Chemi-ionisation reaction of Ne* with conformer-selected
HYQ

The chemical reactivity of trans- and cis-hydroquinone was probed by overlapping dif-
ferent parts of the deflected HYQ beam with the atomic beam of metastable neon.
Integrating the relevant mass peaks of the TOF-MS traces obtained at different deflec-
tion coordinates y resulted in the reaction-deflection profiles presented in Figure 6.4.
These profiles reflect the chemical reactivities of trans- and cis-hydroquinone according
to their relative conformational abundance and distribution of rotational states varying
across the deflected HYQ beam as was determined in Section 6.3.1.
Figure 6.4a presents the raw reaction-deflection profiles for the Penning-ionisation

119



Chapter 6. Chemi-ionisation reaction of Ne* + HYQ

-2 -1 0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

-2 -1 0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

-2 0 2
0

0.5

1

-2 0 2
0

0.5

1

Deflection coordinate y (mm)

In
te

gr
at

ed
 si

gn
al

Deflection coordinate y (mm)

Si
gn

al
 n

or
m

. b
y 

cu
rv

e 
ar

ea
(a)

(b)

Deflected Profile (35 kV)
HYQ+  (PI Product)
I  (DI Product)
III (DI Product)
IV (DI Product)

Deflected Profile (35 kV)
HYQ+ (PI Product)
I  (DI Product)
III (DI Product)
IV (DI Product)

Undeflected
(0 kV)

Undeflected
(0 kV)

Figure 6.4 (a) Raw chemi-ionisation reaction-deflection profiles of HYQ + Ne*
recorded for the Penning-ionisation product (HYQ+) and the different dissociative-
ionisation products summarised in Table 6.1 for a deflected molecular beam. The error
bars represent the standard error of 18 individual traces in which each data point was
averaged over 10.000 experimental cycles. (b) Same deflection profiles, but normalised
by the area below the curves, which is proportional to the number of detected ions. A
clear shift of the profiles associated with the PI and DI products is visible in the data
for the deflected molecular beam, while all dissociative-ionisation products follow the
same deflection pattern. In clear contrast, for the profiles associated with the PI and
DI products in the experiments with undeflected beams (insets in both figures) no shift
is visible. Dashed lines are only drawn to guide the eye.

product (HYQ+) and the products of the dissociative-ionisation pathways I, III and IV
as assigned in Table 6.1. The reaction profiles were normalised for the maximum signal
obtained for the Penning-ionisation profile. Figure 6.4b shows the same deflection pro-
files, but in a representation in which each individual profile was normalised by the area
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6.3. Results & Discussion

below the deflection curve. This area is proportional to the number of detected ions and
hence Figure 6.4b gives the branching-ratio corrected reaction-deflection profiles. It is
striking that all reaction-deflection profiles originating from a dissociative-ionisation
pathway overlap in the normalised representation, while the reaction-deflection pro-
file of the Penning-ionisation product is clearly different. This is in contrast to the
data obtained for an undeflected HYQ beam, in which all reaction-deflection profiles
independent of the reaction pathway followed the same deflection behaviour (inset
of Fig. 6.4b). Therefore, we assign the different shapes of the dissociative- and the
Penning-ionisation deflection profiles to different conformational and rotational reac-
tivities of HYQ towards these reaction pathways.
The deflection profile of the ionic product from the dissociative-ionisation channel II
was not included in Figure 6.4, because in the current measurements the extent of
averaging was not sufficient to obtain a smooth deflection curve for this reaction chan-
nel. However, also the profile associated with the ionic product of reaction channel
II seems to follow the deflection curve of the other dissociative-ionisation products as
shown in Appendix D. Because all dissociative-ionisation products follow within the
experimental uncertainties the same reaction-deflection curve, in the following anal-
ysis only the deflection curve of product channel I was considered exemplary for all
dissociative-ionisation products.
To further quantify the experimental data and especially disentangle the contribution
of the molecular conformation and rotational state towards the different deflection
profiles, a series of least-square fits comparing the experimental data to trajectory sim-
ulations have been performed. In these fits, the properties of the molecular beam in
the trajectory simulations were fixed to the values obtained from the fit of the simula-
tion to the fs-laser deflection profile (Sec. 6.3.1). Only the parameter for the sampling
volume was adjusted in the simulations to take into account the significantly larger
size of the Ne* beam (d ≈ 1.5 mm) compared to the beam waist of the fs-laser focus
(w ≈ 30 µm). The resulting larger ionisation volumes causes slightly different shapes
of the simulated reaction-deflection profiles due to averaging effects, which are fully
understood as in greater detail described in Section 4.3.4.
In a first step, the role of the geometrical difference between the two conformers, i.e. the
orientation of the hydroxyl group with respect to the benzene ring, was investigated.
This was done by fitting the contribution of the simulated deflection profiles associated
with trans- and cis-HYQ to the experimental reaction-deflection profiles, while keeping
the thermal rotational-state distribution of the molecular beam the same as was deter-
mined in Section 6.3.1 by matching the trajectory simulations to the laser-deflection
profile. This approach allows free adjustment of the conformational reactivity within
the least-square fit, while at the same time restricting the rotational-state reactivity to
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Chapter 6. Chemi-ionisation reaction of Ne* + HYQ

be equal for all states. The impact of the conformational reactivity is quantitatively
being expressed by a scaling constant Scis, which scales the simulated deflection profile
of the cis-conformer with respect to the deflection profile of trans-HYQ. This scaling
is in reference to the initial populations of both conformers in the molecular beam.
A scaling constant larger than 1 (Scis >1) thus expresses an increased reactivity of
cis-HYQ towards the investigated reaction pathway compared to the trans-conformer,
while a value below 1 hints for a decreased reactivity. The best values of Scis for the
Penning- and dissociative ionisation profiles was determined by matching the sum of
the simulated profiles for the trans- and scaled cis-conformer, obtained at a fixed rota-
tional temperature of Trot = 1.7 K, to the experimental reaction-deflection profiles in
a least-square fitting approach. The results are given in Figure 6.5.

For both reaction pathways, the least-square fit resulted only in a small adjust-
ment of the contribution of the cis-conformer, which corresponds to a reduced cis-
specific reactivity of around 8 % and 6 % compared to trans-HYQ for the Penning and
dissociative-ionisation pathway, respectively. These results suggest that the contribu-
tion of the conformational-reactivity to the observed effects are small.
It is striking that the experimental reaction-deflection profile for the dissociative-
ionisation pathway (here represented by product I) is nicely reproduced by the tra-
jectory simulations with only very small adjustments to the simulated conformational-
deflection profiles (Fig. 6.5b, Scis ≈ 0.94). Furthermore, also the state-specific reac-
tivities are the same for all populated states as they were fixed during the fit proce-
dure. This implies that the reactivity of HYQ towards dissociative-ionisation in the
chemi-ionisation reaction with metastable neon is not effected by its conformation or
rotational quantum state.
This is in clear contrast to the data concerning the Penning-ionisation pathway, which
could not be reproduced by simulations when only the conformational reactivities were
adjusted while keeping the rotational reactivities fixed. Even for the best fit obtained,
the discrepancy between the simulated and experimental deflection profile is significant
(Fig. 6.5a), which suggests that the observed shift between the dissociative-ionisation
and Penning-ionisation deflection profiles cannot (only) be explained by a difference in
conformational reactivity.
In an alternative analysis, the reactivity of both HYQ conformers was kept the same,
but instead the contribution of the rotational states towards the reaction-deflection
profile of the Penning product was analysed. For such a large molecule as HYQ, many
rotational states are populated even in a rotationally-cooled supersonic beam. There-
fore, a least-square fitting analysis which allows an independent contribution for each
individual rotational state is practically not feasible and restrictions to the fit proce-
dure had to be applied. For that reason, it was investigated which thermal assembly of
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Figure 6.5 Least-square fits of conformer-adjusted simulated reaction-deflection pro-
files to the experimental data for (a) the Penning- and (b) the dissociative-ionisation
reaction pathway (exemplary shown for channel I). The thermal population of the rota-
tional states was fixed to a rotational temperature of Trot = 1.7 K, but the contribution
of the cis-HYQ deflection profile was adjusted in a least-square fitting approach. The
fit equation is given in the top right of the figure together with the values for the fitted
scaling constant Scis, which best reproduced the experimental data. The errors repre-
sent the fit uncertainties. The quality of the fits is expressed by the sum of squared
residuals (SSR).

rotational states would best reproduce the experimental data. Although this approach
will not result in specific reactivities of individual states, it should give an indication
if rotational states associated with larger J-quantum number have an increased or
decreased reactivity towards the Penning-ionisation pathway. Please note that in prin-
ciple for this analysis purely the rotational states of the cis-conformer are relevant, as
the rotational states of the apolar trans-conformer were not separated by the deflec-
tor and hence all equally contribute to the trans-HYQ deflection profile. During this
procedure, the contribution of the two conformers were kept fixed to their abundance
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Chapter 6. Chemi-ionisation reaction of Ne* + HYQ

in the deflected molecular HYQ beam, which was determined by the laser-deflection
profile (Sec. 6.3.1).
The best match for the Penning-ionisation reaction-deflection profile was achieved for
a thermal assembly of rotational states associated with a rotational temperature of
Trot = 2.3 K, as show in Figure 6.6a. Figure 6.6b gives a direct comparison of the rela-
tive populations of all quantum states summed over J for a temperature of Trot = 2.3 K
and Trot = 1.7 K, at which the best fits were obtained for the Penning-ionisation and
dissociative-ionisation deflection profiles (Fig. 6.5b), respectively.
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Figure 6.6 (a) Best match of thermal trajectory simulations to the experimental
reaction-deflection profile of the Penning-ionisation product. The simulated deflection
profiles change as a function of the rotational temperature as indicated in the figure by
cis-HYQ(Trot) and trans-HYQ(Trot). The rotational temperature was adjusted until
the best reproduction of the experimental data was achieved. The contribution of the
two conformers were kept fixed to their abundance in the deflected molecular HYQ
beam. The simulations obtained for a rotational beam temperature of Trot = 2.3 K
provided the best match with the experimental deflection profile of the Penning ion.
(b) Relative population of the cis-conformer for the rotational temperatures which
reproduced best the experimental data for the Penning-ionisation pathway (Trot =
2.3 K) and the dissociative-ionisation pathway (Trot = 1.7 K, Fig. 6.5b).

This comparison suggests that HYQ molecules in energetically higher rotational
sates have an increased reactivity towards the Penning-ionisation pathway. However,
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also the least-square fit given in Figure 6.6a does not present a satisfactory reproduc-
tion of the experimental results.
Another attempt was made to better reproduce the experimental data by adjusting
the thermal rotational-state distribution and the contribution of the two conformers,
simultaneously. Although this resulted in a slightly better overall match (as shown
in Appendix E), the fit yielded both an unreasonable high rotational temperature of
Trot = 5.5 K and an excessively large contribution of the cis-conformer (factor 4.8
higher than the contribution of trans-HYQ). Upon further investigation, it seems that
the resulting fit has a very shallow optimisation minimum, which cannot be trusted as
the simultaneous adjustment of both the rotational temperature and contribution of
the conformers resulted in too many degrees of freedom for a trustworthy fit.
Furthermore, it has to be said that assuming a rotational reactivity based on a thermal
distribution is very speculative and might not reproduce the actual physical interac-
tion between HYQ and metastable neon. Especially, the results of Chapter 5 suggest
a strong difference in the reactivity of molecules in different rotational states. As
it is not feasible to disentangle the contribution of each rotational state by a pure
fitting approach, hopefully future theoretical investigations will contribute some addi-
tional insights in how much the rotational and conformational state of HYQ impacts
the reaction outcome. When theoretically calculated conformational- and rotational
reactivities of the reaction would become available in the future, these could be im-
plemented into the Monte-Carlo trajectory simulations which then should be able to
reproduce the experimental data significantly better than the fits presented here.
So far, no theoretical calculations investigating the interaction of conformer-selected
HYQ with metastable neon have been done yet, but a few assumptions towards the re-
action mechanism can be formulated based on the experimental results presented here.
First, because the reaction-deflection profiles of the different dissociative-ionisation
pathways all follow the same deflection pattern, it can be speculated that for all these
pathways the reaction proceeds via the same entrance channel resulting in the same
reaction intermediate, which only then dissociates into the different product fragments.
Second, the formation of this reaction intermediate seems to be independent of the ini-
tial conformational or rotational state of the HYQ molecule. This assumption is based
on the fact that the reactive-deflection profile can be nicely reproduced by Monte-Carlo
trajectory simulations assuming the same rotational and conformational distribution as
was determined from comparison to the laser-deflection profile (Fig 6.5b). And finally,
the reactive interaction leading to formation of the Penning ion seems to be dependent
on both the initial conformer and rotational state of the HYQ molecule. This can be
concluded from the observation that the reaction-deflection profile cannot be repro-
duced by assuming the same conformational and rotational state populations as was
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determined for the initial molecular HYQ beam (Fig 6.5a). What causes this depen-
dence is at the current moment still unknown and also very hard to speculate. Previous
studies on the similar case of He* + phenol (C6H6O) showed a strong anisotropy in the
potential energy surface, in particular a strong attractive potential well around the oxy-
gen atom [296]. Similar to what was speculated for the Ne* + OCS reaction, the strong
anisotropy might lead to different approach directions depending on the conformational
and rotational state of the molecule, which differ in their effective dipole moment. The
resulting different approaches ultimately might result in different probabilities for for-
mation of the Penning ion. This is still far from a satisfactory explanation of the
observed experimental phenomena, but hopefully future theoretical investigations will
add some additional information which will help to better understand the state and
conformational effects observed here.

6.4 Conclusion & Outlook

Although there are still a few open questions, the experimental results presented in this
chapter showed that the new crossed-molecular-beam setup can be used to investigate
conformational effects in bimolecular reactions. In particular, for the chemi-ionisation
reaction of HYQ + Ne*, the Penning ion (HYQ+) was observed as the dominating re-
action product alongside several ionic products originating from different dissociative-
ionisation reaction pathways. Their respective branching ratios could be determined
by TOF mass spectrometry. Formation of the associative ion was not observed.
Spatial separation of trans- and cis-HYQ, in combination with a unique distribution of
rotational states along the deflection coordinate, allowed the investigation of conforma-
tional and rotational effects on the reaction outcome. This revealed a clear difference
between the Penning- and the dissociative-ionisation pathways. Comparison to Monte-
Carlo trajectory simulations showed that the formation of the dissociative-ionisation
products in the chemi-ionisation reaction seems to be independent of the initial con-
formational or rotational state of HYQ, while the Penning-ionisation pathway showed
a clear conformational and rotational dependency. However, the great number of in-
volved rotational states makes a quantitative analysis purely based on experimental
results very challenging, which explains why the rotational and conformational contri-
butions towards the reaction mechanism could not be disentangled satisfactorily. This
might become possible by future theoretical calculations, which should eventually allow
a forward convolution of the trajectory simulations based on theoretical conformational
and rotational reactivities.
To investigate and disentangle the conformational and rotational impact on the chem-
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ical reactivity, it would be interesting to perform experiments as done here while only
having a single conformer being populated in the molecular beam at once. This would
experimentally disentangle the conformational from the rotational dependency, as for
each conformer the rotational effects could be investigate in a separate measurement.
Such experiments would demand chemical separation of the conformers and would make
it necessary to keep them from interconverting during the full duration of the measure-
ment. This is for a molecule like hydroquinone, for which the two different conformers
easily interconvert through a reasonable small rotational barrier, extremely challeng-
ing, but could be attempted for molecules having significantly more stable conformers.
Currently, such experiments are attempted in our laboratory with 1,2-dibromoethylene
(C2H2Br2), whose barrier for interconversion from trans- to the cis-conformer, although
still unknown, should be significantly larger than for the hydroquinone rotamers. These
experiments should lead to an understanding which might also be beneficial for the in-
terpretation of the experimental result presented here.
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Conclusion & Outlook

This thesis reported the design, construction and characterisation of a novel crossed-
molecular-beam setup, which aims to investigate state- and conformational effects in
bimolecular reactions under single-collisions conditions. The distinctive feature of the
new setup is an electrostatic deflector integrated into one of the molecular beams,
which allows the spatial separation of polar molecules in different rotational states
or conformations depending on their respective effective dipole moments [74]. In
contrast to many crossed-beam setups previously reported [10, 12–19], the apparatus
introduced here allows especially the control and manipulation of molecules in
strong-field seeking states prior to the reaction. This enables in particular the study
of large, polyatomic molecules which are exclusively strong-field seeking at electric
field strengths relevant for experimental investigations. The second beam source is
equipped with a home-build discharge unit which allows the generation of metastable
rare gases as well as radicals to serve as co-reactants in the collision with the state- or
conformation-selected molecular beam [127, 142]. A time-of-flight mass spectrometer
allows the detection and identification of the reaction products as well as the deter-
mination of mass-specific relative integral cross sections. Ionic reaction products can
be mass-specifically detected by pulsed ion-extraction fields, while neutral reaction
products can be observed after the universal multiphoton ionisation of a femtosecond
laser or the state-specific resonance-enhanced multiphoton ionisation (REMPI) using a
Dye-Nd:YAG laser combination. A mass-gated velocity-map-imaging detector enables
the observation of differential cross sections of specific reaction products. Although
this has been proven to work successfully for photodissociation experiments, it has
not yet been used for the investigation of bimolecular reactions. Mainly because
only chemi-ionisation reactions have been investigated so far with the new setup,
whose resulting ionic reaction products demand switching of the extraction fields for
mass-specific detection. This imposes experimental difficulties for the simple VMI
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detector used, which have not been overcome yet. Updating the present VMI detector
should therefore be a priority as discussed later.
The capabilities of the new apparatus were demonstrated in first proof-of-principle
experiments studying the class of chemi-ionisation reactions. The investigation of
rotational-state selected OCS molecules with metastable neon atoms revealed that
the branching ratio between the dissociative-ionisation pathway leading to S+ and
the formation of the Penning ion OCS+ strongly depends on the initial rotational
sate of the OCS molecule. Specifically, the reactivity of OCS molecules in the
rotational ground state towards dissociative ionisation is enhanced compared to the
J=1 state [111]. Other ionic products of dissociative-ionisation pathway besides S+

were not observed as they were energetically unavailable considering the excitation
energy of metastable neon and the experimental collision energy.
The chemi-ionisation reaction of metastable neon with spatially separated trans- and
cis-hydroquinone resulted in the formation of the Penning ion HYQ+ and several
polyatomic dissociative-ionisation products. For all dissociative-ionisation products
detected, no dependence of the reactivity on the initial conformational or rotational
state of the hydroquinone molecule was observed. This is in clear contrast to the
reactivities for the formation of the Penning ion, which seemed to be dependent on the
initial rotational state of hydroquinone as well as on its molecular conformation. Due
to the complexity caused by many rotational states populated in the initial molecular
beam, the final conformational and rotational contributions of the reacting HYQ
molecules could not yet be disentangled satisfactorily. This should become possible
in the future when theoretically calculated state- and conformational reactivities will
be implemented into trajectory simulations, which should then be able to reproduce
the experimental results better than existing simulations. In both chemi-ionisation
reactions, the associative ion was not observed as was expected considering the high
collision energies of the performed experiments.
Although the studies of both reactions showed clear experimental evidence of state-
and, for the case of hydroquinone, also conformational effects, the underlying reaction
mechanisms are not yet fully understood and further theoretical as well as potential
experimental investigations are necessary to achieve a final understanding of the
chemical processes causing the observed state- and conformation-dependence of the
reactivities.
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7.1 Technical improvements of the CMB setup

Although it was shown that the novel crossed-molecular-beam setup is already suited
to produce scientifically interesting observations, as for every other experimental ap-
paratus only continuous improvements will enable its full potential and will keep it at
the highest scientific standard.
As extensively discussed at the end of Section 3.5.3, the simple initial design of the VMI
detector used here needs to be upgraded as it is not suited for large ionisation volumes
and does not work correctly when the extraction fields have to be switched. Both these
drawbacks became apparent while investigating chemi-ionisation reactions. For these
reactions, the ionisation volume is defined by the cross sectional area of the intersecting
beams, which is significantly larger than the ionisation volume of neutral reaction prod-
ucts ionised by a focused laser beam. Furthermore, mass-specific detection of the ionic
reaction products need time-varying electric fields. Therefore, an upgrade towards an
ion-electron coincidence VMI detector [187] with significantly softer extraction fields is
already scheduled in our laboratory and should be implemented soon in the existing
setup. Such a detector should work for large ionisation volumes and the combined
arrival times of the electrons and ions should allow a software-based identification of
neutral and ionic reaction products without the need to switch the extraction fields.
Furthermore, the added ability to detect the emitted electrons should provide addi-
tional information about the ionic states involved in the reaction, which would be very
useful for further clarification of the underlying reaction mechanism. The benefit of
an ion-electron coincidence VMI detector for the investigation of chemi-ionisation re-
actions has been demonstrated before [45].
Another useful upgrade for the investigation of chemi-ionisation reactions would be the
ability to quench certain metastable states to be able to perform reactive collisions with
metastable-rare-gas beams containing only a single excited state. Several methods are
available including magnetic [163] and optical deflection [164] as well as optical quench-
ing using a discharge lamp [156–159] or laser radiation [160–162]. Implementation of
any of these techniques into the existing setup should be straightforward.
Finally, recent experiments have shown that the spatial separation achieved by the
electrostatic deflector can be improved by introducing a movable knife edge into the
path of the deflected molecular beam [79]. Implementing such a knife edge should
directly have an impact on the quality of the acquired data with the current setup,
because a better separation of molecules in different rotational or conformational states
should directly improve the resolution of the obtained reaction-deflection profiles.
This provides only a selection of possible technical upgrades, but already these should
have a direct impact on the quality of the gained information and should hence further
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improve the ability of the novel crossed-molecular-beam setup to investigate conforma-
tional and state-specific effects in bimolecular reactions.

7.2 Potential future reactions

Chapters 5 and 6 presented pioneering experiments on state- and conformationally-
resolved chemi-ionisation reactions. These results as well as a series of recent
experimental studies [41, 43–48, 129, 227, 230–235, 238, 239, 249–258] showed that the
investigation of chemi-ionisation reactions in the gas-phase still reveals interesting
insights into the fundamentals of chemical reactions and should be pursuit further
with the new setup presented here. Chemi-ionisation reactions directly produce ionic
reaction products [128]. This has the great experimental advantage, compared to
collisions leading to purely neutral products, that the resulting ions can be directly
detected without a preceding ionisation step, which results in an overall higher
detection efficiency. The subsequently higher experimental signal levels make chemi-
ionisation reactions the ideal target system for crossed-molecular beam experiments,
especially for the first characterisation and validation of a newly constructed setup.
Nevertheless, also other reaction systems should be amenable for investigation with
the given apparatus.
Widely studied by crossed-beam setups are radical reactions featuring large reactive
cross sections, which also have proven to provide sufficient signal levels for the
investigation under single-collision conditions [10, 12–19]. A first step towards these
reactions has already been done by the development and implementation of a reliable
discharge source for the generation of cold and dense radical beams into the existing
setup [127, 142]. Compared to conventional crossed-beam apparatuses for which the
valve-detection distance generally not exceeds 20 cm, the deflected molecular beam of
the setup introduced here has a free-flight distance of approximately one meter. This
distance is imperative to the spatial separation achieved by the electrostatic deflector
and thus can not be reduced significantly. The large distance leads to strongly
reduced beam densities in the reaction region, which is even further decreased by the
dispersion of the molecular beam as consequence of the electrostatic deflection. Beam
densities for a similar setup have been determined previously for deflected beams
of water seeded in neon [76] and methyl vinyl ketone seeded in helium [81], which
were around Cbeam ≈ 1 × 108 cm-3 for both beams. Such low beam densities provide
strong challenges towards achieving sufficiently high experimental signal levels in
crossed-beam setups. A first step to overcome this obstacle would be to operate the
experiment at higher repetition rates to compensate the inherent loss in sensitivity by
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faster data accumulation. Therefore, the new apparatus has been set up to be able to
perform 200 duty cycles per second, which is significantly more than the 10 Hz used in
most setups previously reported [10,12–19]. Furthermore, the experiments would need
to be carried out using an efficient universal detection technique such as obtained after
ionisation using a femtosecond laser or after (soft) electron impact ionisation [304],
which both allows to record all products simultaneously independent of their quantum
state. Although also commercial Nd:YAG laser systems for repetition rates exceeding
200 Hz have become available (e.g. the Spitlight DPSS series from Innolas), the
reduced efficiency accompanying state-selective REMPI detection might not be
sufficient for the low collision rates expected for the current setup. It still remains to
be seen in how far acceptable signal levels even for universal detection techniques can
be achieved for radical reactions investigated with the novel crossed-molecular-beam
setup.
For both chemi-ionisation as well as radical reactions a wide range of different
molecules are suited as co-reactants. Regarding the investigation of conformational
effects, the target molecules need to fulfil several criteria [74, 80, 84]. The different
conformational states need to differ sufficiently in their permanent dipole moments to
allow for a successful spatial separation of the conformers by electrostatic deflection.
Furthermore, it is crucial that the molecules can be expanded into supersonic beams
with sufficient densities, either because their vapour pressure at room temperature
already suffices or because it can be increased enough by heating the expansion nozzle.
A final consideration is the relative population of the individual conformers in the
molecular beam, which is determined by their respective energy difference. It is very
beneficial when both conformers are populated in the beam sufficiently to achieve
adequate signal levels for the reaction of both isolated conformers. However, the
relative population of different conformers can in principle still be adjusted by optical
pumping using infrared lasers as demonstrated previously [305]. This is experimentally
challenging and has not been implemented yet, but could be a consideration for future
experiments.
So far, the electrostatic deflector has already been used to spatially separate con-
formers of a wide range of molecules including aromatic compounds [60, 78, 79],
2,3-dibromobuta-1,3-diene [80] and methyl vinyl ketone [81], all of which would be
amenable for the investigation in conformationally-resolved scattering experiments
with metastable or radical species using the crossed-molecular-beam setup presented
here.
Analogue to the experiments investigating the ionic reaction of nuclear-spin isomers of
water with N2H+ ions [86], also the neutral reaction of spatially-separated para- and
ortho-H2O molecules with metastable rare gases or even radicals as collision partners
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could provide an interesting target system.
To further emphasise the capabilities of the new setup, also the possibility to
investigate conformational effects of biomolecules should be mentioned. Important
ground work in this respect has already been done by the experimental separation
of the conformers of the dipeptide Ac-Phe-Cys-NH2 with a similar electrostatic
deflector as used throughout the experiments described in this thesis [82]. Such
experiments would require the development and implementation of a laser-desorption
setup [306, 307] for the generation of a molecular beam carrying intact dipeptides.
Finally, the electrostatic deflector also has been proven to be able to select different
sizes of molecular clusters [74, 206, 207], which opens up the possibility of studying
effects of different cluster sizes in neutral collisions.

7.3 Concluding remark

Due to experimental challenges caused by the interconversion of molecular conformers
in thermal assemblies, the precise impact of structural effects in isolated bimolecular
reactions are still poorly understood. The author is confident that the novel crossed-
molecular-beam setup presented in this dissertation should serve as a great tool for
further investigations of conformational- as well as state-specific effects in bimolecular
collisions of fully neutral reactants under single-collision conditions.

134



Appendices

A Composition of the OCS beam

The composition of the OCS beam in the experiments described in Chapter 5 was
analysed by ionising the molecular beam using femtosecond-radiation followed by TOF-
mass analysis. To perform experiments with a pure beam of OCS molecules, it is
essential to reduce the formation of molecular clusters during the beam expansion. As
can be seen in Figure A.1, the amount of molecular OCS clusters in the beam strongly
depends on the OCS concentration in the expanded gas mixture. For a concentration
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Figure A.1 Time-of-flight mass spectrum of an OCS beam with different seeding
concentrations as indicated in the legend. For a concentration of 1 % OCS in helium a
significant fraction of the molecular beam consists of molecular OCS clusters. Diluting
the initial gas mixture results in a strong reduction of observed clusters.

of 1 % OCS in helium, a significant fraction of the molecular beam consists of molecular
OCS clusters. Diluting the initial gas mixture results in a strong reduction of observed
clusters. For the experiments presented in Chapter 5, a concentration of 0.2 % OCS in
helium was chosen as a compromise between having a negligible cluster contribution
while at the same time ensuring enough signal levels to be able to investigate the
chemi-ionisation reaction with metastable neon.
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The TOF mass spectrum of a molecular beam of 0.2 % OCS seeded in helium is given
in Figure A.2.
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Figure A.2 Time-of-flight mass spectrum of a molecular beam of 0.2 % OCS seeded in
helium measured at a laser power of 2.7 mW. Left inset: Magnification of the TOF-MS
spectrum as indicated by the axes values. Right inset: Integrals of the OCS and cluster
peaks for different laser powers. The value is normalised for the integral of the OCS
monomer for each laser power. Colours are the same as the peak labels in the main
figure. Dashed lines are drawn to guide the eye.

Besides some small contributions of trace gases in the background vacuum (N2
+,

O2
+), only small fractions of OCS-He and molecular clusters are present in the molecu-

lar beam. To check for possible photodissociation of the clusters caused by the radiation
of the fs-laser, the power of the laser was reduced until it was not sufficient anymore
to ionise OCS. If dissociation of the clusters would play a significant role, the relative
populations of the clusters should increase with decreasing laser power. This is not
the case as shown in the inset of Figure A.2. Based on these measurements it was
concluded that at a concentration of 0.2 % OCS seeded in helium more than 95 % of
the resulting molecular beam consists out of OCS monomers. The combined fraction
of OCS-He and molecular OCS clusters was determined to be less than 5 %. It has to
be mentioned that the OCS-He peak is spatially not very well separated from the OCS
monomer peak. This makes a quantitative analysis by integration difficult, resulting
in an overestimation of the He-OCS quantity in the beam.
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B Numerical analysis of the Ne* + OCS data

This is a short summary of the numerical analysis regarding the data of the chemi-
ionisation reaction of Ne* + OCS, which was presented in Chapter 5. The different
contributions of the rotational states towards forming the PI and DI products are
determined by matching a weighted sum of state-specific simulated profiles to the ex-
perimental data by a least-square fitting algorithm. The shape and position of the
state-specific profiles were determined by matching the trajectory simulations to de-
flection profiles of the initial molecular beam obtained by fs-laser ionisation. As the
beam waist of the fs-laser focus (w ≈ 30 µm) is much smaller than the width of the
second molecular beam (d ≈ 1.5 mm), the simulated deflection profiles obtained for
laser ionisation were adjusted for the ionisation volume expected in chemi-ionisation
reactions as described in detail in Section 4.3.4. The resulting simulated deflection
profiles were compared to the experimental data.
The input in this fitting procedure are the normalised simulated state-specific deflec-
tion profiles dJM and the experimental reaction-deflection profiles SPI and SDI for the
Penning and dissociative-reaction product, respectively. The general fit equation used
for all relevant rotational states is given by

S = w00 d00 + w10 d10 + w11 d11 + w20 d20 + w21 d21 + w22 d22, (B.1)

with wJM the fitting parameters for scaling the simulated deflection profiles for a given
state |JM〉.
As described in Section 5.3.3, it was necessary to reduced the number of independent
fitting parameters to prevent overfitting of the data. For this purpose, two approaches
were followed. In the first, all M states associated with a specific rotational state
J were weighted with a fixed degeneracy factor, whereas in the second approach the
rotational states associated with J=2 were neglected.

B.1 Method 1: Assuming degeneracy of M-states

As no explicit orientation effects are expected, all M states associated with a specific
rotational state J were weighted with a degeneracy factor gM = 1 for M = 0 and
gM = 2 for M > 0 in the fit. In this case, the fit weights for individual state-specific
deflection profiles for a certain J are related to each other, e.g. the weights for the
state-specific deflection profiles associated with |10〉 and |11〉 can be related by 2w10=
w11. The fit equation for the Penning-ionisation reaction data is then given by

SPI = w00,P I d00 + w10,P I · (d10 + 2 · d11) + w20,P I · (d20 + 2 · d21 + 2 · d22). (B.2)
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Analogously, the same can be done for the dissociative ionisation pathway by

SDI = w00,DI d00 + w10,DI · (d10 + 2 · d11) + w20,DI · (d20 + 2 · d21 + 2 · d22). (B.3)

Fit weights obtained for normalised experimental data

In a first step, the fit weights were determined using the normalised experimental
deflection profiles. This results in the individual contributions of the rotational states
corrected for the state-independent branching ratio between the different pathways.
The fit weights determined by a least-square fitting approach using the above equations
to reproduce the normalised experimental data by simulated deflection profiles are given
in Table B.1. Please note that this table contains the normalised fit weights, i.e. the
sum of all state-specific contributions is equal to 1. The contributions of all states wJ
with the same total angular quantum number J are given by the sum of the state-
specific weights wJM , e.g. the total contribution of J=1 is given by w1 = w10 + w11 =

3 · w10. These values are also given in Table B.1 and are the final contributions which
are represented in the inset of Figure 5.5. From the relative contributions of the

Table B.1 Values for the fit weights assuming degeneracy of M-states

Penning-ionisation pathway Dissociative-ionisation pathway

w00,P I= 0.502(20) w0,P I= 0.502(20) w00,DI= 0.742(15) w0,DI= 0.742(15)
w10,P I= 0.143(14)

w1,P I= 0.430(43)
w10,DI= 0.081(11)

w1,DI= 0.244(33)
w11,P I=2 · w10,P I= 0.287(29) w11,DI=2 · w10,DI= 0163(22)
w20,P I= 0.014(006)

w2,P I=0.069(32)
w20,DI= 0.003(5)

w2,DI= 0.014(24)w21,P I=2 · w20,P I= 0.027(13) w21,DI=2 · w20,DI= 0.006(10)
w22,P I=2 · w20,P I= 0.027(13) w22,DI=2 · w20,DI= 0.006(10)

rotational states, a ratio between the contribution of the dissociative- and the Penning-
ionisation reaction pathway RJ for each rotational state with quantum number J can
be calculated. These ratios were determined to be

R0 = w0,DI/w0,PI = 1.48(5)

R1 = w1,DI/w1,PI = 0.57(13)

R2 = w2,DI/w2,PI = 0.20(58).

(B.4)

These ratios can now be compared between the different rotational states. Dividing
the ratio between the DI and PI of J=0 by the same ratio for J=1, results in a factor
of 2.6(6). Because the fit was done with the normalised simulation profiles, until here
the initial populations of the rotational states were not yet taken into account. The
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fs-laser profile gives a ratio between the state populations summed over J=0 and J=1
of 0.44/0.45 = 0.953, which also includes the degeneracy factor of gM = 1 for M = 0

and gM = 2 for M > 0. Correcting the ratio between J=0 and J=1 with the ratio
of the thermal populations (2.6/0.953), gives the result that the ratio of the
reactivity of the DI and the PI process is for J=0 a factor 2.7(6) bigger
than the same ratio for J=1. All quoted uncertainties are the standard deviations
of the fit, propagated according to the used mathematical operators.

Fit weights obtained for raw experimental data

The same analysis as above was done for the raw data before normalisation. The raw
experimental deflection profiles with the least-square fits of the state-specific simulated
profiles are shown in Figure B.1. The relative fitted weights of the individual rotational
states of OCS summed over all states with the same J considering the M -dependent
degeneracy factors are given in the top right of the figure. From the relative con-
tributions of the rotational states, a ratio between the contribution of the individual
rotational states towards the dissociative- and the Penning-ionisation reaction pathway
can be calculated. For analysing the raw data as done here, these ratios also include
the overall state-independent branching ratio (BR) of dissociative to Penning ionisa-
tion, which was determined to be DI/PI = 2.5 (see Sec. 5.3.2). These ratios RJ ,BR

including the state-independent branching ratio were determined to be

R0,BR = 3.77(9)

R1,BR = 1.44(21)

R2,BR = 0.52(99).

(B.5)

Please note that these values were also obtained by assuming a fixed M -dependent
degeneracy as described above.
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Fitted weights: 
w0,PI = 0.423 (17) ×10-10

w1,PI = 0.363 (36) ×10-10

w2,PI = 0.058 (27) ×10-10

Fitted weights: 
w0,DI = 1.594 (32) ×10-10

w1,DI = 0.524 (70) ×10-10

w2,DI = 0.030 (51) ×10-10

Figure B.1 Least-square fits of state-specific simulated reaction-deflection profiles to
the raw experimental data for (a) the Penning- and (b) the dissociative-ionisation
products [111]. Only the rotational states J = 0, 1, 2 significantly populated in the
molecular beam were taken into account (see inset in Figure 5.2). Relative fitted
weights of the individual rotational states of OCS summed over all states with the
same J are given in the top right. The uncertainties represent the fit errors.

B.2 Method 2: Neglecting contributions of J=2-states

To validate the results obtained in the previous section, an alternative approach to re-
duce the degrees of freedom in the fitting procedure was taken. Instead of fixating the
M -dependent degeneracy as done in the previous section, in the approach described
here all molecules in rotational states associated with the total angular quantum num-
ber J=2 were neglected. The physical reasoning behind this approach is that the
molecular OCS beam contained less than 10 % of molecules in rotational states associ-
ated with J=2 (see Sec. 5.3.1). This approach was only performed for the normalised
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data, which results in the branching-ratio corrected values. The used fit equation to re-
produce the experimental Penning-ionisation deflection profile by the simulated profiles
neglecting all J = 2-states is then given by

SPI = w00,P I d00 + w10,P I d10 + w11,P I d11, (B.6)

and analogously for the dissociative ionisation profile by

SDI = w00,DI d00 + w10,DI d10 + w11,DI d11. (B.7)

The resulting fit weights using the above equations to reproduce the experimental
reaction-deflection profiles are given in Table B.2. Please note that this table contains
the normalised fit weights, i.e. the sum of all state-specific contributions is equal to 1.
The contributions of all states wJ with the same total angular quantum number J are
given by the sum of the state-specific weights wJM , e.g the total contribution of J=1
is given by w1 = w10 + w11. These values are also given in Table B.2.

Table B.2 Values for the fit weights neglecting J=2-states

Penning-ionisation pathway Dissociative-ionisation pathway

w00,P I= 0.515(21) w0,P I= 0.515(21) w00,DI= 0.749(16) w0,DI= 0.749(16)
w10,P I= 0.215(16)

w1,P I= 0.485(48)
w10,DI= 0.099(12)

w1,DI= 0.251(36)
w11,P I= 0.270(32) w11,DI= 0.152(24)

All quoted uncertainties are the standard deviations of the fit. The contributions
given in Table B.2, which were determined by a fitting procedure which neglects the
rotational states associated with J=2, are very similar to the fit weights summarised in
Table B.1 obtained after fixating the M -dependent degeneracy. The only appreciable
differences are the values obtain for the |10〉-state, which are slightly higher when the
J=2-state was neglected. This could have been expected, considering that the state-
specific deflection profile of the barely deflected |10〉-state has the largest spatial overlap
with the deflection profiles of all states associated with J=2. In the absence of these
deflection profiles, the state-specific deflection profile of the |10〉 tries to compensate
the contributions of the missing J=2-state deflection profiles.
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C Composition of the HYQ beam

A typical TOF mass spectrum of a HYQ beam taken after general ionisation with a
femtosecond laser is given in Figure C.1
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Figure C.1 (a) Time-of-flight mass spectrum of a molecular HYQ beam measured
at a femtosecond-laser power of 3.3 mW. The peak associated to the HYQ monomer
dominates the spectrum. A small trace of the HYQ dimer is also visible, while the
signal-to-noise ratio of the current spectrum is not sufficient to detect clusters of higher
order. Inset: Integrals of the HYQ monomer and cluster peaks for different laser
powers. The value is normalised for the integral of the HYQ monomer for each laser
power. Colours are the same as the peak labels in the main figure. Dashed lines are
drawn to guide the eye. (b) Magnification of the lower m/--z-area, showing fragments
of HYQ. The labels of the fragments are the same as given in Table 6.1.

Only small fractions of (HYQ)n-clusters are present in the molecular beam. To
check for possible photodissociation of the clusters, the power of the laser was reduced
until it was not sufficient anymore to ionise the HYQ monomer. If dissociation of the
clusters would play a significant role, the relative populations of the clusters should
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increase with decreasing laser power. This is not the case as shown in the inset of
Figure C.1. Based on these measurements it was concluded that the ratio of HYQ
monomers to the sum of all clusters is 97 % : 3 %.
Also some small traces originating from HYQ fragmentation (I-V, C+, O+) are visible
in the spectrum. Labelling of the fragments is the same as given in Table 6.1 and the
main text of Chapter 6. To determine if the fragments were already present in the
expanding molecular beam or only caused by photodissociation using the femtosecond
laser, a laser-deflection profile was taken for all relevant fragments (Fig. C.2).
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Figure C.2 Experimental deflection profile of HYQ and its fragments obtained after
multi-photon ionisation with a femtosecond laser. The fragments are labelled as given
in Table 6.1. Each dataset is normalised by its curve area. All fragments follow the
same deflection pattern as the HYQ monomer, confirming that these fragments are
purely originating from laser photodissociation and are not present in the original
molecular beam.

These laser-deflection profiles all showed exactly the same deflection behaviour as
the deflection profile of the HYQ+ ion. This strongly suggests that these fragments were
not present in the initial molecular beam, because then the different dipole moments
of the different fragments should have led to different deflection profiles. Contrarily,
the same deflection behaviour for all fragments strongly indicates that the observed
fragments are products by photodissociation processes of the common precursor HYQ.
Fragmentation down to atomic ions (C+, O+) only occurred after ionisation with the
femtosecond laser and was not observed in the chemi-ionisation reaction. Therefore, it
was not further considered here.
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D Deflection profile of reaction product II in Ne* +
HYQ

The dissociative-ionisation products associated with channel II, as assigned in Table 6.1
of the main text, has the smallest signal-to-noise ratio for all investigated reaction prod-
ucts. Therefore, the performed averaging for the experiments reported in Chapter 6
was not sufficient to obtain a smooth deflection profile for this reaction channel. Also
the profile associated with the ionic product of reaction channel II seems to follow the
deflection curve of the other dissociative-ionisation products as shown in Figure D.1.
However, the signal-to-noise ratio of the data associated with channel II is significantly
less compared to the other dissociative-ionisation channels. More averages would be
needed to make a final statement about the deflection behaviour of the ionic product
associated with reaction channel II.
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Figure D.1 Chemi-ionisation reaction-deflection profiles of HYQ + Ne* recorded for
the Penning-ionisation product (HYQ+) and the different dissociative-ionisation prod-
ucts summarised in Table 6.1 for a deflected molecular beam. The profiles have been
normalised by the area below the curves, which is proportional to the number of de-
tected ions. This figure also shows the data associated with reaction channel II. The
deflection profile of ionic product II seems to follow the same deflection pattern as the
other dissociative-ionisation products, but the quality of the data is not sufficiently
good to make a final statement. More averaging would be needed. The error bars rep-
resent the standard error of 18 individual traces in which each data point was averaged
over 10.000 experimental cycles. Inset: Reaction profiles of an undeflected molecular
HYQ beam.
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E Least-square fit of Penning-ion deflection profile

The experimental reaction-deflection profile for the Penning-ionisation product was
reproduced by adjusting both the thermal rotational-state distribution as well as the
contribution of the two conformers in a least-square fitting approach. The results are
shown in Figure E.1. Although this resulted in a decent match between experimental
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Figure E.1 Least-square fits of simulated reaction-deflection profiles to the experi-
mental data for (a) the Penning- and (b) the dissociative-ionisation reaction pathway
(exemplary shown for channel I). During the fit both the contribution of the cis-
conformer as well as the rotational temperature were adjusted. The fit equation is
given in the top right of the figure together with the values for the fitted scaling con-
stant Scis and the best matching rotational temperature Trot, which best reproduced
the experimental data. The errors represent the fit uncertainties. The quality of the
fit is expressed by the sum of squared residuals (SSR). (b) Relative population of the
cis-conformer for the rotational temperatures which reproduced best the experimental
data for the Penning-ionisation pathway (Trot = 5.5 K) and the dissociative-ionisation
pathway (Trot = 1.7 K, Fig. 6.5b), which were obtained in a least-square fit which also
includes the conformational reactivates.

data and simulations, the fit assumed both an unreasonable high rotational temperature
of Trot = 5.5 K and an excessively large contribution of the cis-conformer (factor 4.8
higher than the contribution of trans-HYQ). Upon further investigation, it seems that
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Appendix E

the resulting fit has a very shallow optimisation minimum, which can not be trusted
as the simultaneous adjustment of both the rotational temperature and contribution
of the conformers resulted in too many degrees of freedom for a trustworthy fit.
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